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A commercial mass spectrometer was modified in order 
to observe the temporal behaviour of fons in a high pres- 
sure ion source. An ion source was constructed so that 
pressures up /to,:5 torr could be..f.lowed through it. -Elect- 
rical circuits were added which pulsed the electron beam. 
High speed amplifiers were installed so that the ion 
iptensities,could bexystopedjinea multichannel scaler. 

The instrument could be used to measure rate constants” 
ang equilibria of ion-molectle reactions at thermal 
energies. 

The first part of the thesis is concerned with the 
sequence of ion-molecule reactions occurring in methane 
containing traces of ethane. Studies of the reaction ae: 
CiHe = CH), os Eaton showed that proton transfer occurred 
from left to right and equilibrium was not established 
even at the lowest ethane pressures used, 107° RN Plee wl MAL 
enabled a lower limit of 10° to be placed on the equil- 
librium constant for the. proton, transtersmeactionvand a 
proton affinity difference between methane and ethane of 
>8.7 kcal/mol. 


+ 
oe was found to decompose thermally to CoH by 


the reaction 
+ + 
a 
CHO a en H, 


+ 
ihe rate constant for: the decomposition. (of CoH, was 
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measured at several temperatures which led to an activa- 


thengenergy of -1025-kealJmol..sThissrenabled.a value. for 


-+ 
AH,(C Ho ) to be calculated which led to an estimation of 


f 


the proton affinity difference between methane and ethane 


Zz 


Of410a3)kcal/noleodhisp,vaduse agreed, with- that, obtaiined 
frome ther disectyY protons transfer measurement: 
+ 
The CoH, ion was observed to react with methane as 


well.as-ethane’ in the reactions 


+ + 
C 
OFH 02) CRN ge eeet iH de Hy 
+- 
—m C,H) + CH, 
CAH 406 Mee ta 
a5 h ae 2 


> + e £ 
nne rate constant >for the reactionvor CoH, with ethane 


Mais 5:..3 X ro cm? molecule - ar at 304°K and the rate 
constant for the reaction with methane was 1 x 10714 one 
moecule. . ay | at 304°K. The reaction scheme was tested 


by fitting the results using an analog computer program. 
The rate constants agreed within 20%. 

The second part of the thesis describes the investi- 
gation of a proposed correlation between the gas phase 
acidity of a compound RH and the chloride affinity of RH 


described by the enthalpy of the reaction 
Cl. + RH ——> RHCI 
i 


The chloride affinities were measured for RH = oxygen 
acids, ketones, carbon acids and substituted) benzenes. 


The correlation was found to hold for the oxygen acids 


re HOTA ee ee ai, ‘jah! Hold Paabis aie 
| rey bas ‘Serecti si. Paty od ‘ward da etna 
: eyo 

Wont eo dur + SM Ae lw bel (ik “Syibewv dale igen 7 


JPhiptsegsen wie e454 fe or ‘seni 


ae onetizep caliw toed 64 hove 14a chia "ay? om 
ore ; : 


eno ioeea alt Hal $4 


ae 4 i. 2 —_— 
ies p . 4 ; 


Sti Bates to “etree ads i doetiaga | 
"i 

wes av ihe: a tbe ah — fateh ts Me ot es 2% 

| Bas nis “Ol m " “SPY SORAT See in: y sedaasa * Bas .s2ha 


Ay 


, ieze8) piew aouihaee nal aoe’ ony, ade aa!) a) otek 


j 7 
re % 


MAX gO7G 9 Megas POIATS Noe eh vei aihuean od olan 


Kor nittiy: lod yes 2THe TE NOD mo A 
| sistent ony hast adie Matis Sit.) Ve thy nego iki 


waeds eg ‘sao ¢eswosd gr bas! srs bagogo 1g ie 
aH ve CARs sbinotiiy eds bhe HA bAOGMOS gab 4 . 


by: - MoP rode ans Ho CATERING ont yi 
‘ . ; ; 
“(oun ——— WARD 
MOBY RD = ea ere beinbbai Sci esi ‘Ani Bb | is 


a Wo2ua 13 2dne en ‘io 
mM he a bares an an 
OBRIKE HY 109 ow os nud siden  laeede 


and ketones but when all of the compounds were considered 
the overall correlation was not good. In the case of the 
Oxygen acids the chloridel ion was, tound to, attach via a 
einen bond. The interaction with Cl. varied from 13.7 
kcal/mol for acetone to 33.7 kcal/mol for p-cyanophenol. 
The chloride affinities for the carbon acids and substituted 
benzenes were much weaker. The possible modes of the 


attachment of Cl. are discussed for each type of compound. 
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CHAPTER | 
OND) Ty GReeO WOR IU) cGy Te Fh G0r N 


les) The Present Study 

This thesis describes an investigation of the kin- 
etics and thermodynamics of selected ion-molecule reactions 
at pressures of about 1! to 5 torr. The ion-molecule re- 
actions were followed in a pulsed electron beam, high pres- 
sure ion source mass spectrometer and multichannel scaler. 
This method enabled the reactions mechanisms to be analyzed 


and the rate or equilibrium constants to be measured. 


sd. The Development of lon-Molecule Reaction Investi- 
gations. 
A. Studies at Low Pressures 


The conventional analytical mass spectrometer 
Operates with the ion source, and particularly the mass 
analysis region of the instrument at as low a pressure as 
possible. The low pressure reduces the probability of an 
fon.strikingsa neutral gas, molecule... Raising the pressure 
in the ion source results in collisions between ions and 
neutral molecules which may lead to ion-molecule re- 
actions. This results in the appearance of new ions and 
the disappearance of the primary ions,which is generally 
undesirable in qualitative and quantitative analytical 


mass spectrometry. 
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The first observation of an ion-molecule reaction 
waiss reported by J’ UW,’ “Thomson as early “as "T9TZ CE)’. 
Thomson observed, with his first mass spectrograph, an 
ion with m/e = 3 as a product from an electrical discharge 
in hydrogen. Dempster (2) substantiated Thomson's obser- 
vation and showed that the ion was due to ae The origin 


of this ion was later explained (3,4) as arising from the 


reaction 


+ 
H, ees, rrmg reg. ule + H Oia) 


+ : a : : - 
The presence of H was undesirable in isotopic experiments 


3 
when the abundance of HD needed to be measured. 

Until the 1950's most mass spectrometric measure- 
ments were involved with isotopic abundance experiments 
and quantitative determinations of hydrocarbon mixtures. 
lt was not until this time that it was recognized that 
ion-molecule reactions may play a major role in radiation 
chemistry. The pioneers in this field were Tal'rose and 
Lyubimova (5), Stevenson and Schissler (6,7) and Gutbier 
(8). These workers raised the pressure in the ion source 
of a mass spectrometer to 10°? to 10." torr. Under these 
cond.i.ti Ons,ia. smal fraction, off themprimanyevons) indergo 
collisions with neutral gas molecules to produce secondary 


ions. ‘By measuring the intensity of secondary ions as a 


function, of. lon-source, pressure,iicrossesectiions for tons 
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molecule reactions could be calculated (9). 

Earlier workers in the investigation of ion-mole- 
cule eomertiaie used a conventional ion source which employs 
a small constant electric field that repels the ions out 
of the ion source into the mass analysis region of the 
mass spectrometer. 

When the pressure in the ion source is sufficiently 


-h 


uéahtthat collisionssoecufas, Cabout,,10 tokiwethewprimary 
A oT: A . A 4 
ion, P , undergoes an ion-molecule reaction which gives 


: , aa 
Fise»to a secondary ion, S$ 


By ee eee Oe EN (1.2) 


+ . 
The attenuation of P is given by 


— = Qni Cts3} 


where fe and I. are the intensities of the primary and 
secondary ion respectively, Q is the reaction cross- 
section, n is the number density of the gas and i is the 
forall path length or the Ton.” Equation (i 3) "1s" valta 
only at low pressures where much less than one collision 
occurs during a distance 1. This technique was employed 
by such workers as Stevenson (6,7,10), Hamill (11) and 
Field and Franklin (12-14). They found that the experi- 
mental cross-sections for bimolecular ion-molecule re- 


actions were very large and of the order of 100 ae. This 
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may be compared to the fastest neutral-neutral reactions 
which are free radical recombination reactions. These 
processes have cross-sections of less than 10 AZ, 

The first detailed quantitative explanation of 
the large cross-sections obtained for ion-molecule re- 
actions was attempted by Langevin (15) in 1905, who was 
interested in the mobility of ions through gases. Langevin's 
treatment was applied to ion-molecule reactions by 
Gioumousis and Stevenson (16) under conditions where both 
ion and molecule moved with thermal (Maxwell) velocities 
and also under conditions where the ion was accelerated 
by the repeller field. Their theory visualizes the 
attractive forces between the colliding ion and molecule 
as being electrostatic in nature. As the colliding part- 
icles approach each other, the ion induces a dipole moment 
in the neutral, (neglecting any permanent dipole moment) 
and the particles are drawn together. This attractive 
force becomes significant (i.e. ~kT) at intermolecular 
separations of the order of several Angstroms. van der 
Waal's forces due to the interaction of the electron 
clouds of the oa Be Rees are negligible at these distances. 
Various trajectories of the approaching ion are possible. 
When the distance of closest approach is quite large, 
the Aion Sils' ‘dev Patied’ "on ly ‘sli'ghtlyif Fom ‘rts ‘originmaliypath 


anda “dis tant'>tcolWlisror occurs: As the distance of closest 
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approach decreases the ion deviates from its original path 
bewa Greaterfextent tnetivecne ton=sprralts’or orfbrts' around 
the molecule. The period of interaction between the two 
particles is therefore greatly increased and Langevin 
assumed that an orbiting collision leads to a reaction 
while a distant collision does ape Gioumousis and Stev- 
enson (16) showed that the orbiting or capture rate coef- 
ficient, a4 for a reaction, where the reactants have thermal 
velocities, could be expressed by 


L 


Ove , 

k= 2me >) (1.4) 
where e is the electronic charge, a is the polarizability 
of the neutral and uw is the reduced mass of the colliding 


Dair.... Since the cross-section, .Q.isigiven by 
Ke 
OP ree Cie5) 


where v is the velocity of the approach of the particles, 
therefore 


27Te (my? (1.6) 


Ds expression predicts the observed large cross-section. 
the theory also predicts that Q will not depend von ten- 
perature. Therefore ion-molecule reactions of the type 
(1.2) usually proceed without any activation energy. 
Experimental observations have largely confirmed this 


prediction (17). Stevenson's treatment gives the orbiting 
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rate constant, and many reactions are experimentally 
Opserved’'to® proceed? witht s' rate Constant!’ sethe!l orbiting 
rate constant is therefore equal to the reaction rate con- 
stant. 

Gioumousis and Stevenson extended equation (1.6) 
to the situation where the rate constant was determined in 
the presence of a repeller field. Equation (1.7) describes 
a simple theoretical calculation of the thermal rate con- 
stant under conditions where the ion possesses excess 


energy. 


k = Q a pT 


where E is the repeller field and ve is the mass of the 
primary ion. However, several examples have been found 
of systems where ke was not proportional to ae (9). 

Reactions: of? the type (1.2)> occur ‘ina Varge 
number of chemical systems, such as radiation chemistry, 
the ionosphere, flames and electrical discharges. lt 
would therefore be desirable to determine the rate con- 
stant of such systems where ions and molecules are in 
thermal equilibrium. The pulse technique was developed 
so that ions could react under field free conditions and 
the measured rate constant would be the thermal rate 


constant. 


The pulsing technique was developed by Tal'rose 
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(18,19). The method consisted of allowing the electron 
beam to enter the ion source for a brief period, on 
celui sec) during which ions were formed. The ion source 
was then maintained under equipotential conditions for a 


certain time, during which the ions could react in a 


ty ? 
thermal environment. A brief pulse, ts was then applied 
to the repeller electrode so that ions were expelled from 


the ion source. Tal'rose showed that 


I 


Ss = 
i knt. + F(t.,t) (1.8) 


where le, is- the rat torof "secondary tto primary ton, > k 

is the rate constant, n is the number density of the gas, 
fee yt) isva function of the’ pulse widths. Equation (ld) 
expresses the normal kinetic formulation where the degree 
of conversion from primary to secondary ions is determined 
as a function of elapsed time. This method of pulsing has 
since been used by Harrison et al (20) and Ryan and Futrell 


C2722). 


B. Limitations of Low Pressure Studies 


The study of ion-molecule reactions by the continu- 
ous repulsion and later the pulsing method had certain 
limitations. Ine law,pcessure in the ton source rer oe torr) 
combined with the short reaction times ee sec) are 


such that only bimolecular reactions with large rate con- 
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Stants may be studied i.e. reactions which occur with orbit- 
ing rate constants. The concentration of secondary ions 
was usually more than a hundred times smaller than that of 
the primary ions and therefore further reactions of the 
secondary ions could not be observed. 

The difficulties due to short reaction times were 
overcome mainly by the application of various trapping 
techniques (23-26). Harrison et al (24-26) have developed 
a technique in which the positive ions are trapped in the 
ion source by the space charge of an electron beam. The 
ions are trapped by passing a continuous low energy elect- 
ron beam (~5 eV) through the ion source. After a given 
reaction time the ions are expelled from the ion source by 
applying a pulse to the repeller electrode. lons have 
been retained in the ion source for several milliseconds, 
using this method. 

A recent approach to ion trapping has been the use 
of ion cyclotron resonance spectroscopy. This technique 
involves capturing ions in crossed electric and magnetic 
fields and tons have been trapped up to 100 milliseconds. 
This method was pioneered by Baldeschwieler et al (27) and 
the field has expanded rapidly in the last ten years due 
to the work of Beauchamp:et al (28,29), Brauman et al 
(30-32) and others (33,34). 


Low pressure techniques where the ions are produced 


by electron impact have some restrictions. The main dis- 
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advantage is that the ions produced by the method may be 
internally or translationally excited. The energy state 
of the reactant is unknown and the measured rate constant 
is not the thermal rate constant. ‘Reactions which require 
third body stabilization cannot normally be studied at 


3 


pressures below 10 7 torr because the lifetime of the 

excited complex is shorter than the time between collisions. 
By operating with the pressure in the ion source 

in the torr range many of the limitations mentioned pre- 

viously are eliminated and a wider range of reactions may 

be studied. The ions need not be retained in the ion 

source by specific trapping techniques since the movement 

of the ions is slowed down by the increased pressure. The 

ions must diffuse to the walls, undergoing collisions which 

were absent in the low pressure case. The long residence 


time of the ions in the ion source allows the investigation 


of complex reaction sequences of the type 


jC pan SI Een Cyr ee tee ene CLS) 


The ions are involved in many thousands of colli- 
sions while they remain in the ion source. Such a number 
of collisions is sufficient to quench most excited species 
to the ground state and the reactions studied will be 
those of thermal species. 

Although the pressure in the ion source may be in 


the torr range, once the ions have left the ton source any 
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Further *colhistons ron their rfilbight <to»mass Janalysis are 
undersirable since this may alter the reaction products. 
The pressure outside the ion source must therebore be 
maintained at about 1077 torr to eliminate any collisions. 
The external low pressure can be achieved by high capacity 
pumping systems and by making the exit from the ion 
source into a small orifice. The tons escape through 
the orifice to the external chamber by a combination of 
mass flow and diffusion. Under field-free conditions, 
the translational energies of the ions reflect the tem- 
perature of the gas in which they are carried. High 
pressures in the fon source enable multiple collisions 
of individual ions to occur and termolecular reactions 
of the type 

“i ue (2080) 

which require third body stabilization, may be investi- 


gated. 


Ci Studies at High Pressures 

Field and coworkers repeated their earlier low 
pressure investigations of hydrocarbons (12-14) with a 
modified instrument capable of using pressures up to 0.3 
torr. They were able to observe high order reactions in 


methane (35) and ethylene (36). Further improvements to 
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their apparatus permitted pressures up to 2 torr to be 
used (37). Field found that in pure methane, eHEY and 
CoH.” were essentially unreactive. Once the reactions of 
methane were well established, Field and coworkers in- 
vestigated the effect of small amounts (~1%) of addi- 
tives on the reactions of the fons observed in pure meth- 
ane (38,39). Field et al found that small concentrations 
of additives changed the distribution of ions in methane 
drastically. This line of research eventually led Field 
et ail.toathe developmentjofeahes Chemical jdong zation 
Method (40-44). This technique involves the electron bom- 
bardment of a carrier gas, normally methane, containing 
small amounts of substrate. The primary tons formed are 
rapidly converted to the CHa and colle which may then 
undergo proton transfer to the substrate or hydride ion 
abstraction. The ionization of the substrate is therefore 
effected by ionic reaction rather than electron impact. 
Electron impact spectra normally involve the use 
of 70 eV electrons and considerable fragmentation occurs. 
For large molecules the parent ion is rarely observed be- 
cause the excess energy gained from electron bombardment 
results in fragmentation. The energy involved in proton 
transfer or hydride abstraction is normally of the order 
of 1 to 2 eV which may be removed by collisions with the 


neutral molecules of the carrier gas. Fragmentation 


therefore occurs to a lesser extent in the chemical ion- 
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ization spectrum and identification of unknown compounds is 
made simpler. For example, hydride abstraction is preval- 


ent in the paraffin hydrocarbons (41), 


+ + 
n-Cighsg + CH, — s-Ci gh, + CH), + H, Clic lb) 


and the (Wr) 3 ion is observed, where M is the molecular 
weight of the compound. In the chemical ftonization spectrum 
the Cygts, ion represents almost 40% of the total ioniza- 
tion whereas the parent ion, ar tee contributes only 0.5% 
to the total ionization in the electron impact spectrum. 

Chemical tionization spectra are usually much simp- 
ler than electron impact spectra and this allows faster 
interpretation of the spectra. Chemical ionization is 
widely used as an analytical technique and such instruments 
are now sold commercially. The only difference to that of 
Field's instrument is the presence of a repeller electrode 
in the fon source. Field and coworkers have also exten- 
sively investigated equilibria and kinetics of ion-mole- 
cule clustering reactions (45-49). 

One of the most useful modern techniques available 
for studying ion-molecule reactions is the flowing after- 
glow technique. This method was developed by Ferguson, 
Fehsenfeld and Schmeltekopf (50) mainly for the purpose 
of studying ionospheric reactions. A carrier gas, which 
is usually helium, is weakly ionized by electron impact 


Or a microwave discharge. The gas is flowed down a tube 
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at a pressure of about 0.5 torr. Downstream from the ion- 
ization tseidn} reactant gases are injected and these mole- 
cules are ionized by the helium ions and excited helium 
atoms. Further downstream a second reactant gas is added 
whose reactions with the primary ions are to be studied. 
The ions are sampled mass spectrometrically at the end of 
the tube. From knowledge of the fluid dynamics of the 
flowing plasma the reaction time and hence the rate con- 
Stant may be deduced. Ferguson and coworkers have investi- 
gated many clustering reactions of ionospheric interest 
(9,51) and have also used this method to measure electron 
affinities (52). 

Bohme and Schiff (53,54) have used the flowing 
afterglow technique to measure rate constants of reactions 
selected to test current reaction rate theories and have 
found this method to be equally useful in determining 
thermodynamic data for ion-molecule reactions such as heats 
of formation of ions, proton affinities, electron affinities 
and bond dissociation energies of molecules. 

The stationary afterglow technique involves the 
production of a plasma in a cell using microwave discharge 
or photon absorption. The ionic species present can be 
detected mass spectrometrically as a function of time of 
the decaying plasma. Fite et al (55) and Sayers and Smith 
(56) first applied the technique to reactions of ionospheric 


interest and Lineberger and Puckett (57) have studied 
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hydration of negative ions, also aeronomically important. 
lon drift tubes can be used as mass spectrometers 
bong the  torefranges | sArshortyubunstaofrtonsmisnereatedsat 
one end of the drift tube. The ions drift along the tube 
under the influence of a uniform axial electric field and 
can be detected mass spectrometrically at the far end of 
the tube. When low field gradients are applied, thermal 
conditions are approached. Drift tubes are mainly used 
to measure ion mobilities and ion diffusion coefficients. 
McDaniel et al have performed such experiments (58) as 


well as ion-molecule association reactions (59) for example 
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Ke ban le, et; al applied the pulsing technique to the 
investigation of ion-molecule reactions at high pressures 
(60). The pulsing method used was similar to that develop- 
ed by Tal'rose (18,19) and others (20-22) but by using high 
pressures they eliminated the necessity of a repeiler field 
to eject the ions from the ion source. The electron beam 
was pulsed by applying a voltage to an electrode in the 
electron gun assembly such that the beam was deflected 
away from the entrance.of the ion source except for a 
short time Atl (~10 usec) when the electron beam passed 
into the ion source. The ion signal emerging from the ion 


source passed through a cone and an assembly of focussing 


and accelerating electrodes before being mass analysed. 
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The ion signal was gated by applying suitable voltages to 
ene cOnéz ihe lon gate’ was closed for a time t" after the 
beginning of the electron pulse and then opened for a 


short time, At. (~10.Usec) 44 Thes ionsicollected during At. 


had a reaction time of t'. The electron beam was pulsed 
at such a rate that all ions had completely decayed before 
the next pulse occurred. The reaction time t' was varied 


manually and experiments therefore took a considerable 
time. The pulsing method was later improved (65) by col- 
lecting the data in a multichannel scaler where all the 
signal was utilized, instead of only a small fraction and 
where the ion gating was achieved automatically by the 
scaler. 

Kebarle and coworkers studied the solvation of 
both positive and negative ions (61-69). For example, 


the investigation of the attachment of water molecules to 


ah 
y4 


ospheric interest whereas the study of the solvation of 


ions such as H- C6186 2) 60 (63) and NO” (67) “issof ton 


Cl and a by water, methanol and the aprotic solvent 
acetonitrile (66,68) yields information on the behaviour 
of these ions in solution. Kebarle et al have also 
obtained an absolute gas phase acidity and basicity scale 
(70-73) for simple organic compounds. Studying ion-mole- 
cule reactions in simple hydrocarbons has led to informa- 


tion on the energetics and stabilities of many carbo- 


ecataons’ (74,75). 
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3 Types of lon-Molecule Reactions 
(a) Charge Transfer 


The simplest type of an ion-molecule reaction is 
charge transfer. During a collision between an ion and 
molecule, the ion abstracts an electron from the molecule 


for example 


Nin 40 00) Seeman aah (1.13) 


74 2 2 2 


The exothermicity of the reaction is the difference between 


the ionization potentials of nitrogen and oxygen. 


-AH = TP(N,) - TP (0,) Gly 4) 


Generally, if a bimolecular ion-molecule reaction 
is exothermic, the reaction proceeds at the collision fre- 
quency (9). The rate constants for charge transfer re- 


actions are normally of the order of 10°? to ole ay on 


= na 
molecule SEC. & 
The corresponding charge transfer reaction for 


a negative ion is 


MP ey 6 — en) (irokS) 


in this’ case the direction of the react ron Is determined 
by the relative electron affinities of X and Y. 
Resonant charge transfer-occurs iwnen, tne gexo-— 


thermicity is approximately zero. AH is zero when the ion 
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and molecule are the same species 


+ + 


No 7 ON, Capea tN Gls bo) 


but resonant charge transfer has been observed between ions 


of different species, for example (76), 


+ + 
Ati) = 
kev Cone eae Ke tC ny , SH = 0.04 eV 


If AH is large because of a large difference in ion- 
ization potentials, the ion produced possesses a large 
amount of excess energy and may dissociate (77) as in re- 
aetion (1%18)'. “The process' is’ known! @i’st Chair getttinanis fier 


induced dissociation. 


kr* (7p, ) + CH, ———y CH aie H + Kr Chciuo)) 
A 3 


oes 
The recombination energy of Kr is 1.55 eV greater than 
the ionization potential of methane. The excitation 


energy is sufficient to break a C-H bond. 


(b) Abstraction or Transfer of Atoms or Atomic lons 

A large majority of ion-molecule reactions involve 
the abstraction by the ion of an ionic or neutral fragment 
from the molecule, or the transfer by the ton of such a 
fragment to the molecule. Reactions in which the frag- 
ment is large are termed condensation reactions. When 
the fragment is hydrogen several types of reactions are 


possible. 
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(i) Proton TransfersReactions 

Proton transfer reactions have been studied exten- 
sively in recent years because of the interest in gas phase 
acidity-and basicity. The gas phase basicity of a sub- 


stance can be measured by observing the reaction 


eile See le BN) (ei) 


The proton affinity of M is defined as the exothermicity of 
reaction (1.19),where M may be a negative ion or a neutral 
molecule. Proton affinities of simple organic compounds are 
normally of the order of. 100 to 200, kcal /mol— (54.78)... In 
instruments of the type that are designed to measure thermal 
reactions, such magnitudes of AH are impossible to measure 
directly. Therefore reactions where proton transfer occurs 
from one base to another are used to measure proton affin- 


ities for bases My and Me 


+ 
MjH ar oer MoH + My (11.120) 


If the reaction proceeds in the direction written then 
the reaction is exothermic. The proton affinity of M. 
is therefore greater than that of My and the measured AH 
is given by 

. AH = PA(M,) - PA(M,) C1932:1.) 
Thus if onevproton affinity is known the other can be cal- 


culated by this method. Proton transfer occurs when there 
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are no electron vacancies in the valence shell of the ion 


(79). 


(ii) Hydrogen Abstraction 
If the ion has one electron vacancy in its valence 
Shell, it is known as a radical ion. An example of a hydro- 


fen abstraction reaction 1s 7100) 


CD, + Ni = cD, H tr NH, Gli22i) 


(iii) Hydride lon*Abstracti-on 

An ion in which there are two electron vacancies 
in the valence orbital tends to abstract a hydride ion 
from saturated molecules (79). For example, equation 


ie? 3) shows, Cu i abstracting a hydride ion from 


3185 
a Fheo=C, Hi 7 = ibis + CH, 23) 
neo-C,H), this type of reaction is also observed with 
CH,” (81). 
(iv) Atom-lon Interchange 


Reactions where elements larger than hydrogen are 
transferred are called atom-ion interchange. For example 


(82) 


Daas ee Oa Reon (1.24) 
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te) Condensation Reactions 

When units larger than atoms or atomic ions are 
transferred, the reaction is termed a condensation or 
attachment reaction. An example of this type of reaction 


: A + 
is the clustering of water around NH) to form NH), HU 


2 
(83). 


+ 
NH), + He Ons NH, -H,0 G25) 
The general equation for this type of reaction is 


+ + 
A (Ss) +S + M — > A (Ss), + M (1.26) 


] 
Where M is™theethifd body} .which*® ts: required to aWoee 
excess energy due to the exothermicity of the reaction. 

Attachment reactions are very informative because 
the equilibria may be measured for each successive addition 
of a solvent molecule around an ion. Thermodynamic data 
obtained in this way may then be compared to the behaviour 
in solution and the intrinsic effect of the ion-solvent 
interactions can be ascertained. 

Equation 1.26 can be broken down into various steps. 
When an ion and neutral solvent molecule react, an excited 


intermediate is formed (84) 


k 
fee atc eee ae (1.27) 


The lifetime of the excited intermediate may vary from a 


-13 


single rotation period (~10 sec) to the time required 
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for collisional stabilization. If the lifetime is short 
and no stabilizing collisions have occurred, the complex 


apssociates. to’ the reactants. 


+ ok Ky + 
[A Ss] ——® A +S decomposition (1.28) 


If the lifetime of the complex is considerably longer and 
collision occurs with a third body, a stable cluster is 


formed. 
k 


Pct ta Ni ee CEE Stabilisation Gls29) 


The overall reaction is therefore 


k k 


* 
Rite Sees.) LN cals ieee aie (1.30) 
Se rr 
d 


Applying steady state conditions, the expression 
for the experimental rate constant, ke is given by (64). 
Ke 
= Les 
K ¢ Kp +k IM] ESE, 
Under conditions of low pressure, ky ae k [Mm] and equa- 


tion (1.31) becomes 
k = See SOO S G132) 


The magnitude of the rate constants, Ke» fOr clustering 


- = 3x 6 Z sal 
reactions are normally 10 28 to, 10 3 cm molecules’ sec 


(69). 


(d) Exchange Reactions 


Reactions of this type involve the exchange of a 
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molecule attached to an ion for another neutral molecule. 


These reactions are also known as ''switching reactions". 


(CH,0H)H” + CHIOC Hee (CH ON) (CH 


+ 
3 3 OCH,)H 


3 3 


+ CH,OH Gi 33)) 


The measurement of equilibria such as (1.33) and higher 
cluster exchange reactions can lead to information about 


preferential solvation in solution (85). 


1.4 Recent Theories of lon-Molecule Collisions 
Gioumousis and Stevenson (16) first derived the 

theoretical expression for the capture rate constant for 

a point charge colliding with a point polarizable molecule. 


*5 
k = ane(®) (1234) 


Cc 


where e is the electronic charge, a is the polarizability 
of the neutral and Uw is the reduced mass of the colliding 
ion-neutral pair. Gioumousis and Stevenson did not take 
into account any permanent dipole moment that the neutral 
molecule may possess. Moran and Hamill (86) determined 
that contributions of the ion-dipole interaction must be 
included in the calculations for target molecules with 
significant dipole moments. They suggested the Locked 
Dipole Approximation. If no alignment of the dipole with 


the approaching positive charge occurs, then the ion- 
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dipole interactions should average zero, and only the ion- 
induced dipole interaction will be important. The expres- 
sion then reduces to the Gioumousis-Stevenson equation (1.34). 
However if the dipole of the rotating molecule "locks in!! 
as the ion approaches, the ion-dipole interaction should 

be added to the ion-induced dipole interaction. Harrison 


t- al, (87). extended, the calculations to thermal ion. distri- 


butions 
1 
2 4s 2 bs 
ke pet er @ temp —— (1.35) 
Vit TwkT 
where Uy is the permanent dipole of the molecule, k is 


Boltzmann's constant and T is the absolute temperature. 
Equation (1.35) was found to be useful for estimat- 
ing the upper limit of rate constants but usually their 
magnitude was overestimated. 
Bowers and Laudenslager (88) suggested that the 
ion field was not sufficient to lock the dipole of the 
molecule and only partial locking occurred. They assumed 
that the rate constant could be represented by the semi- 


empirical form 


1 
2 “ ‘ 
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EL i TwkT 


where C is the locking dipole constant with values between 
Grand ¥. When C=0, no locking occurs and the equation re- 


duces to k_ , equation (1.34). When C=1, complete locking 
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occurs and equation (1.35) is obtained. They tested equa- 
tion (1.36) eGAnuRt SIO by measuring the rate constant 
for the charge transfer from rare gas ions to a series 

of isomers with different dipole moments. They chose 

the trans, 1,1 and cis isomers of difluoroethylene and 
measured the incremental increase in the rate constant 
with increasing dipole moment of the molecule and assumed 


that this represented the degree of locking of the di- 


pole. From equation (1.36) 


| 24 
- kTU : 
big skoio(5-tt-2) tied? 
8tTe U 
D 
where Ak is the experimental increase in rate constant 


PLD 


for the polar isomer, relative to the non-polar isomer. 


In this particular example, C, Dag 0.093 and Ge m=O ele 


whvichrane close towthe zero dipole sl imit a whescrs isomer 
is oriented to a slightly greater extent than the 1,1 
isomer. 

The Average Dipole Orientation Theory was proposed 
by Su and Bowers in 1973 (89,91) and they visualized the 
effect of the approaching ion on the rotating molecule. 
As the Sa approaches the molecule, the rotational motion 
of the dipole of the molecule is hindered by the field 
of the ion causing a net orientation of the dipole. 
Secondly they assumed that the net transfer of angular 


momentum between the rotor and the system is negligible. 
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Their third assumption was concerned with the rotational 
degrees of freedom of the rotor. They assumed that the 
rotor had two rotational degrees of freedom in the plane 
of collision and the third degree of freedom was aliqned 
along the dipole and did not affect the angular mom- 
entum. This premise is valid for diatomic molecules but 
they estimated that errors introduced by using more com- 
plicated molecules would not change the final rate constant 
by more than 5%. The ADO theory, by considering the 
average orientation of the polar molecule is only valid 
for ion-molecule separations of 8 to 15 A and therefore 
the rate of the reaction is independent of the size of 
the molecule for low ion energies. 

Bohme has tested the ADO theory using proton trans- 
fer reactions (54). For example, the neutral molecule 
NH. was reacted with different proton donors and the rate 


constant for proton transfer for reaction (1.38) was 


measured where X = Ho» NH. > CH» HAO, GO; No> CAH), Cone, 
+ + 
On Ec NH, —_ > NH), + X (i386) 
N,0 and Ci He- The experimental results gave good agreement 


with the predictions from the ADO theory. 
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tee} Mechanisms of the Formation of Negative lons 
Negative ions may be formed by several processes 
(92). Under the conditions used in most high’ pres- 


sure mass spectrometers the most important processes are 


electron capture, dissociative electron attachment and 


ion-pair production. 


In an electron capture reaction, the electron en- 
counters a neutral molecule which has a positive electron 
affinity. The resultant excited molecular ion is stabil- 


ized by collision with another molecule or autoionized. 


0 eee LO al 
e 2—<——- 2 ] 

(1.39) 
LDbeae + M haste ae 


Dissociative electron attachment occurs when no 
stabilizing collision occurs within the lifetime of the 
excited molecular ion and the transient molecular ion dis- 


sociates into an ion and neutral fragments. 
eae Vee ee Oye (1.40) 


Therefore the pressure of the gas, as well as the energy 
of the electron, is important in determining whether elect- 
ron capture, or dissociative attachment occurs. (Both pro- 


cesses occur only over a narrow range of electron energy of 


about 2 - 5 eV (92). 
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When an electron and neutral molecule interact such 
that both a negative and positive ion are produced then the 


process is called ion-pair production. 


ee WAY techs ees FO Ae BY (1.41) 


The electron acts as a source of energy and excites the 
molecule into an unstable state such that it dissociates 
into a positive and negative ion. There is a critical 
energy below which ion-pair production does not occur. 
Above the critical value, the probability of fiton-pair pro- 


duction occurring depends on the energy of the electron. 


ie6 The Present Investigation 

The work described in the subsequent chapters was 
performed on two different mass spectrometers. The in- 
vestigations described in Chapters 3 and 4 were performed 
on a mass spectrometer that was originally a commerical 
instrument but has been altered in several stages. Mod- 
ifications were made to an Atlas CH4 mass spectrometer in 
order to observe ion-molecule reactions using pressures in 
the torr irange:  vAs ‘mentioned. invSectton ti 2. tuhcee ire- 
quirements are necessary to observe consecutive ion-mole- 
cule reactions at high pressures. First.a High capacity 
pumping system is essential in the vacuum chamber outside 


the ion source to reduce the possibility of tons escaping 
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from the ion source and colliding with molecules on their 
path to mass analysis. This feature was already installed 
on the Atlas CH4 mass spectrometer. The second require- 
ment is an ton source that can retain a pressure of sev- 
eral torr while the external 2 ker ath is kept at a minimum. 
This was achieved by making the orifices extremely small. 
A slit of approximate dimensions 1 x .01 mm was usually 
small enough to provide an adequate pressure difference 
between the ion source and the main vacuum chamber. Third, 
pulsing circuits are required to follow the temporal 
behaviour of the various reactant and product ions of a 
sequence of ion-molecule reactions. Suitable electronic 
equipment was added to this end. 

The techniques used in the present experiments 
were developed by Durden (93) and the pulsing circuity, 
data collection and ion source design was improved by 
Payzant (94). These methods were incorporated into the 
design of the ion source used in the Atlas CH4 mass 
spectrometer. 

The second mass spectrometer used was identical in 
principle to the Atlas CH4 but was constructed in our 
laboratory. | 

This thesis describes two major projects and an 


introduction to each is included in the relevant chapter. 
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CHAP LER 2 
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Pe | Introduction 

The investigations described in this thesis were 
conducted with two different mass spectrometers. The two 
instruments were very similar in their principles of 
operation. One machine will be described in detail and 
the other will be described briefly where it differs from 
thee first. 

There are several] requirements which a high pres- 
sure ion source mass spectrometer must meet if the measure- 
ments are to be reliable and reproducible. First», the 
electrons used to ionize the gas must have sufficiently 
high energy to penetrate the gas sample, which is present 
at pressures of several torr. Therefore 1 to 2 KeV 
electron energies were used. Second, the incandescent 
filament which generates the electrons, must be sufficient>- 
ly distant from the ion source that no temperature 
gradient across the ion source is caused by the heating 
effect of the filament. The lifetime of the filament is 
longer when operated at lower pressures. Third, it is 
important that the ion intensities detected are an accur- 
ate representation of the actual ion population in the 
ion source. Although the pressure in the ion source may 
be several torr, the mass spectrometer must be designed 


so that no collisions occur between ions and molecules as 
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they move from the ion exit slit to the mass analyzer. 
This criterion requires a high capacity pumping system 
in the chamber outside the ion source and an electrode 
geometry which allows free expansion of the gas escaping 
from the ion source. The vacuum outside the ion source 
should be such that the mean free auh of an) fon “is much 


greater than the dimensions of the apparatus. 


Pee A Description of the Apparatus 

The mass spectrometer used for the project described 
in Chapter 4 was a commercial instrument, an Atlas CH4. 
A schematic diagram of the mass spectrometer is shown in 
Figure 2.1. The instrument was a conventional 60° sector 
magnetic deflection mass spectrometer which had previously 
been modified for high pressure work using flash photoly- 
sis (95) by adding a large stainless steel chamber which 
was mounted on the analyzer tube [3] of the mass spectro- 
meter. The 10 in. diameter chamber was evacuated, via an 
8 in. pumping lead [5], by a 6 in. NRC oft diffuston pump 
fitted with a 6 iin. NRC water cooled) baftle. )9Strausz et 
al (95) estimate the pumping speed at the ion source to 
be 500 l1/sec. For the present work the ion acceleration 
system was also modified by mounting a series of accelera- 
tion and focussing slits ‘and ‘deflection; plates on) the 


analyzer tube. The voltages of these electrodes could be 
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RUGURE SZ 


Schematic Diagram of Apparatus 


lon source 


lon accelerating and focussing electrodes 


Atlas CH4 mass analyzer tube and magnet 


Electron multiplier followed by an amplifier 


and multi-channel scaler 


To a 6 in. vapor trap and diffusion pump 
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Selected “to give optimum sensitivity and mass resolution. 
An ion gauge was mounted on the side of the chamber 


7 


which could be pumped to less than 1] x10 / torr overnight. 
During normal operation with 3 torr of gas passing through 
the ion source, the ion gauge registered 2 x 107" torr: 
A Penning gauge was also available for measuring the pres- 
sure in the analyzer tube itself. The pressure in this 


5 


region was normally 5 x ¥O > torr during an experiment. 
The mass spectrometer was equipped with heaters 
which could bake out most of the analyzer tube and elect- 
ron WUMETE hei: The magnet could be withdrawn and heaters 
placed around the narrowest part of the tube. These 
heaters were found to be necessary for the baking out of 


the system. The removal of last traces of water required 


particular effort. 


23 The lon Source 

The design of the ion source was very similar to 
that used with other instruments in our laboratory (62). 
The ion source was made from non-magnetic stainless steel. 
The one difference to previous designs was the position 
of the electron filament. Since no separate flange was 
available for mounting the electron gun assembly it had 
to be mounted on a small tower attached to the side of 


the ion source as shown in Figure 2.2. 
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FIGURE 2.2 


Pulsed Electron Beam High Pressure lon Source 
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The electron beam from the filament [3] passed 
through drawout, focus and deflection electrodes [4], then 
through a narrow slit mounted on the electron entrance 
cone [5] and into the ion source [1]. The narrow slit was 
made by spot welding two parallel pieces of stainless 
steel razor blades across a small hole in the cone. A 
stainless steel ring was spot welded over the top of the 
razor blades to ensure that their edges were even. The 
resultant slit was .008 x 2 mm. The filament was suf- 
ficiently distant from the ion source to be effectively 
at the same pressure as the vacuum chamber. The heating 
effect of the filament on the fon source was also minimal. 
The temperature rise in the ion source after turning on 
the filament was only about 1°C. Undeflected electrons 
were collected on the trap at the far side of the ion 
source. (See Figure 2.2). 

The volume of the ion source was about 2 cm The 
ions created in the ion source diffused through the field 
free region to the walls. Some of the ions reach the jon 
exit slit [9]. The slit was mounted on a cone and was 
made in the same manner as the electron entrance slit. 

The sizefoflthe fon ext tesrvit twas 22017 *X?1 S6'mmerothe 
plane of the electron beam was about 4 mm above the ion 
exit slit?° Both entrance and exit cones were sealed to 
the ion source with gold '9'-ring gaskets made from 


HOLS ti. gold wire. 
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Gas Flowed into the fon source from a gas handling 
plant [2]. The gas from the gas handling plant entered 
the ion source in a slow flow and was pumped out of the 
ion source by a mechanical pump controlled by an inter- 
mediate capillary. The inlet/outlet tube was made of glass 
and was joined to the metal fon source by a silver-soldered 
EAE seal. Around the inlet/outlet tube was another glass 
tube which was mounted on bellows to allow flexibility. The 
outer glass tube was used to hold pencil heaters directly 
against the inlet/outlet tube. Five 90 watt Hotwatt heat- 
ers were used to ensure that no condensation occurred in 
the glass tubing and for bake-out purposes. 

A stainless steel mantle [8] contained vertical 
grooves into which heaters could be installed. The heat~- 
ers were held in place by two semicircular shields which 
were screwed to the mantle. The heaters consisted of 2% 
in. cylindrical ceramic rods with 6 longitudinal holes, 
threaded with .010 in. molybdenum wire. A second set of 
heaters was mounted in the base of the ion source in order 
to make sure that there was no temperature gradient across 
the ion source. 

An auxiliary filament [9] and trap were embedded 
in the base outside the ion source. This enabled conven- 
tional mass spectra to be measured in the low pressure 


region just outside the ion source in order to check the 
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the purity of reactant gases. 

BE lot the base of the ion source an electrostatic 
shield [7] was mounted which provided a boundary for the 
electric field between the ion source and the ion accelera- 
tion tower. The cage consisted of eight longitudinal rods 
held rigid by the base at the top end and by a ring at the 
other. High transparency gauze was spot welded around the 
rods so that the high pumping speed was still maintained. 

All electrical connections to the ion source 
assembly were made by electrical feed-throughs on the 


flange. 


2.4 Wanperatane Control and Measurement 

The temperature of the ion source was monitored in 
three places by jiron-constantan thermocouples. The thermo- 
couples were placed in the ion source, heating mantle and 
base of the ion source. The thermocouples have to be in 
intimate contact with the surface they are measuring and 
to ensure good contact, the middle of a screw was drilled 
out, the thermocouple inserted and the hole filled with 
silver solder. The screw was then screwed tightly intoa 
tapped hole, 

The temperature of the ion source was controlled by 
manual setting of the heater voltage. The heater voltage 
was supplied by an auto transformer (Variac) followed by 


an isolation transformer so that the heaters could float 
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at the same voltage as the ion source. lt had been found 
(93) that allowing the ion source to reach a steady state 
gave a much more constant temperature than could be obtain- 
ed by an automatic temperature controller. 

The voltage of the thermocouples was read with a 
potentiometer. The reference thermocouple was immersed 
in an ice-water mixture. 

Since the heaters and thermocouples all floated at 
high voltage, care was taken to insulate al! heater and 


potentiometer controls. 


2,5 The Gas Handling Plant 

The gas inlet system provided with the Atlas CH4 
mass spectrometer was an all-stainless steel system 
except for the valve seats which were made of Teflon. 
This was considered undesirable since Teflon can absorb 
substances and then gradually degas them over a long 
period of time. Also, the valves on the gas inlet system 
were the lever type which are either fully open or com- 
pletely shut. Thus it was impossible to control the gas 
flow to the ion source from the gas inlet system. Because 
of these disadvantages a completely new gas handling plant 
was designed and built. 

The gas handling system, shown in Figure 2.3, was 
made entirely of ‘glass and .stainiess, steel. The entire 


system was surrounded by a box made of | in. thick, hard 
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asbestos material, Marinite 36A. The box could be heated 
to 200°C to bake out impurities. The heaters were GE 

1000 watt rod elements which were bent into suitable 
shapes and covered with a shield so that there was no pos- 
sibility of initiating thermal decomposition if the 
heaters glowed red hot. 

The valves were all metal Granville-Phillips ultra- 
high vacuum valves which used silver gaskets as a seal. 
The glass tubing was 14 mm. 

The system was pumped by an Edwards oil diffusion 
pump and liquid nitrogen trap. The pressure in the mani- 
fold was measured by an Atlas-Bremen MCT capacitance 
manometer which could read pressures from 0.1 to 20 torr. 
The manometer head could be baked out at 350°C for de- 
gassing purposes. The reference side could either be 
evacuated or let up to atmospheric pressure so that one 
atmosphere of a gas could be admitted into the gas handling 
plant. The calibration of the capacitance manometer was 
checked periodically against a digital or mercury manometer. 

A 5 litre bulb was used to make gas mixtures. The 
bulb has an injection port, access to which was obtained 
bys arsmalil sliding door on) the: front) panel “ot: thesbox. 

The injection port consisted of two rubber septa separ- 
ated by a dead space. The septa were changed frequently 
to prevent leakage and disintegration due to the elevated 


temperature. 
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The most troublesome impurity for the experiments 
described in Chapter 4 was water. The entire mass spec- 
trometer and gas Randa system had to be completely 
free of any traces of water. To achieve this the mass 
spectrometer and gas handling system were repeatedly baked 
out. To prevent water from entering the system with the 
reactants the major gas, ultra high purity methane, was 
passed through a U-tube containing molecular sieve 
immersed in dry ice. Liquid nitrogen could not be used 
since the pressure of methane passed through the U-tube 
was 1 atmosphere and the vapor pressure of methane at 
=Jor 0 45 about 40 torr, Ethane was contained ina sep = 
arate vacuum rack which was maintained at 1] atmosphere 
pressure and also passed over a molecular sieve. The 
ethane was Phillips Research Grade. 

The glass tubes leading from the gas handling 
system to the ion sources were wrapped in heating tape 
for purposes of degassing and to prevent condensation. 
The tubing was 14 mm indiameter and was large enough that 
the pressure difference between the manifold of the gas 
handling system and the jon source was insignificant. 
Poiseville's Law (96) can be used to calculate the 
pressure gradient. 
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where ny is the flow (moles/sec) through a tube of length 
] and radius a, R is the gas constant, T is the tempera- 
turé and 1 “‘ehe“viscosity of thetgas. Po and Py are the 
inlet and outlet pressures of the tubes to the ion source. 
To measure the flow a bubble flow meter was installed on 
the exhaust of the mechanical pump that controlled the fiow 
through the ion source. When the pressure of methane was 
3 torr the flow rate was about 20 ae atm min’. The 
length of the tube from the manifold to the ion source 

was about 1 m, with a radius of 0.7 cm. The viscosity of 
methane is 1.09 x lof poise (97). From equation (2.1) 

it may be calculated that the pressure difference between 
the manifold and the ion source is less than 0.5%. There- 
fore the pressure reading of the capacitance manometer is 


an accurate representation of the pressure in the ion 


source. 


2.6 The Electron Gun Assembly 

The electron gun assembly is shown in Figure 2.2. 
Since the filament was muéh closer to the electron entrance 
slit in the ion source than in previous designs (98), the 
arrangement of electrodes could be simplified. 

The potential divider and wiring circuit for the 
various electrodes is shown in Figure 2.4. The voltage 
for the potential divider was supplied by a variable high 


voltage supply. The center of the filament was kept at 
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approximately -1200 V- relative to the ion source. Various 
monitoring ammeters and voltmeters were installed and typi- 
cal values of the electrode voltages and current flows are 
Shown in Table I. 

The filament of the electron gun was constructed of 
thoriated iridium. This material was used because it has 
been found to be very resistant to attack by gases, especi- 
ally oxygen, which is a great advantage over the more com- 
monly used tungsten filaments which are particularly 
vulnerable to attack by oxygen. 

The voltages of the ion source and ion acceleration 
electrodes were supplied by the existing high voltage 
supply on the Atlas CH4. The ions leaving the ion source 
were accelerated to ground at the entrance to the mass 


analyzer. 


Leek The Pulsing Circuitry 

The electron gun was pulsed by applying a suitable 
voltage to the drawout electrode. Figure 2.5 shows a 
block diagram of the mass spectrometer including the 
electronic circuits. 

The electron gun pulse generator was battery powered 
and could be floated to the potential of the drawout plate 
which was kept at about 90 V negative with respect to the 
filament so that no electrons could pass into the ion 


source. 
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Typical Operating Voltages 


Electrode Voltage 
Filament 860 
Drawout 870 
Deflection Plates 1150 
Focus 1250 
fon Source 2240 
Mass Analyzer Tube 0 


Typical Meter Readings under Continuous Irradiation 


Drawout Voltage 10V 

Emission Current 1.2 ma 
Case Current 13 Wa 
Trap Current | 0.3 Ha 
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FIGURE 2.5 Schematic Diagram of Experimental Apparatus 
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When the floating pulse generator received a positive 
pulse from the master pulse generator, it raised the pot- 
ential on the drawout plate until it was 10 volts positive 
with respect to the filament for a period which could be 
varied from 6-140 us on the floating pulse generator. This 
allowed electrons to travel from the filament into the 
focussing and accelerating region of the electron gun. 
After the preset time had elapsed the floating pulse gen- 
erator returned the potential of the drawout plate to its 
original voltage so that electrons could no longer pass 
through the drawout plate. This method allowed pulses of 
electrons of known duration to enter the ion source. The 
intensity and width of the pulse delivered to the drawout 
le es was governed by the floating pulse generator whereas 
the frequency of pulsing was determined by the master 
pulse generator. 

When the electron beam was not pulsed the current 
measured at the electron trap in the ion source was 


3 x Low amps. From this it can be calculated that in a 


10 us pulse, approximately 2 x 10/ electrons enter the 
ion source. ; 
yes The lon Detection System 


After mass analysis the ions were detected with an 
ion counting system. The input end of the system was a 


16-stage copper-beryllium secondary electron multiplier. 
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The voltage across the multiplier could be varied from 1.6 
to 2.5 KV. The pulses from the multiplier were fed into 
an SSR Instruments Limited amplifier-photon counter which 
also contained a discriminator. The level of the discrim- 
inator threshold could be varied so that low level noise 
could be rejected. The amplifier-discriminator was 
specially designed to eliminate the undesirable character- 
istics of photomultipliers. The amplifier-discriminator 
could resolve individual electron pulses separated by as 
little as 10 nanoseconds with sufficient sensitivity to 
detect individual secondary electron pulses equivalent to 
less than 10° electronic charges. 

The condition of a secondary electron multiplier can 
be tested by measuring the signal intensity at various 
discriminator levels. Figure 2.6 shows the effect of the 
signal as a function of the gate level. When the gate 
level is low the signal is enormous and contains essentially 
al] noise. As the gate level is increased a Ricans is 
reached where only the signal is allowed through. At high 
gate levels the signal falls off entirely. It can be seen 
that as the voltage across the electron multiplier is in- 
creased the plateau becomes flatter. As the electron 
multiplier becomes older the plateau disappears even at 
the highest voltage across the dynodes, and the signai 
decreases almost linearly with increase in gate level. By 


operating well up on the plateau, fluctuations in secondary 
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FIGURE 2.6. Signal Observed as a Function of Discriminator gate 
Level at Various Acceleration Voltages Across the 
Dynodes of the Electron Multiplier. 
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emission characteristics of the electron multiplier, 
Fluctuations in the high voltage of detection threshold 
can be reduced to negligible levels and provide stable 
measurements. 

The amplifier/discriminator could be used for caount- 
ing rates up to 107 per second without corrections for 
dead time. This resolution was more than adequate for 
this system since the maximum count rate was never above 


10° 


per second. The main disadvantage of the amplifier's 
wide bandwidth was its sensitivity to external noise. A 
low background count was only achieved when the amplifier 
was mounted directly next to the anode of the electron 
multiplier. In this position a background noise leve! of 
10 counts per second was obtained. Signal rates were 
typically iot/ee€ord! 

The amplified pulses were counted either with a rate 
meter and displayed on a chart recorder or a multichannel 
scaler (Nuclear Data 2200). The temporal fluctuation of 
an ion's intensity was observed by synchronizing the sweep 
of the multichannel scaler with the triggering pulse of 
the electron gun. The dwell time per channel in the multi- 
channel scaler was selected to be 10 us for 256 channels. 
Thus ions which were detected in the first 10 Us after the 
beginning of the pulse were stored in the first channel 


of the multichannel scaler. The ions which were detected 
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from 10 Us to 20 Us after the pulse were stored in the 
second channel and so on for 256 channels or 2560 Us. 
After 3 ms the signal had decayed by a factor of 10! and 
the electron gun could be pulsed again. The number of 
ions detected in each channel were added to the ones 
collected previously. Normally ion intensities were 
collected for a Serned oF 30 to 60 seconds, selected by 


a gated interval timer. 


2.9 Description of the Second Mass Spectrometer 

The second machine could be used to study positive 
or negative ions and is shown in Figure 2.7. This mass 
spectrometer was not a commercial instrument and the major 
difference from the previously described Atlas CH4 was 
that the electron gun was mounted on a separate flange. 
The filament was about 25 cm from the electron entrance 
slit.. For operation with negative ions, the ion source 
was maintained at -2KV and the filament at -4KV. This 
machine also used a 15 cm radius 60° magnet for mass 
analysis. 

The electron beam was pulsed in a similar manner 
to that described in Section (2.6) by applying a gating 
pulse to the drawout electrode [2]. The potential divider 
supplying voltages to the electrodes in the electron gun 


included a switch to convert to monitoring positive ions. 
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Filament 

Draw out 

Extractor 

Einzel lens 

Deflection plates 

Shielding cylinders 

Heating Mantle 

Electrostatic shield 

Electron entrance slit 

Electron trap 

lon exit slit cone 

Gas inlet 

Kovar seal flange 

Stainless steel support 

Ceramic spacer 

Cone 

lon acceleration assembly support 
Electrodes for focussing and ion beam 
mass analyzer tube 


Mass analyzer tube 


Schematic Diagram of Second Apparatus Used 
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The electron beam could be focussed and directed 
towards the electron entrance slit by means of a plexi- 
glass window installed in a blank flange. The electron 
beam was made visible by mounting a shield in front of 
the electron entrance cone with a suitably sized hole to 
admit the electron beam and painting the outer surface of 
the shield with a phosphorescent substance. The shield 
was coated with a mixture of phosphor (type P-31 Sylvania) 
and sodium silicate solution. The shield extended the 
length of the ion source to prevent spurious ionization. 
The electron beam could be deflected on to the phosphored 
area, focussed to a spot and then directed through the 
hole into the electron entrance cone. 

The electron gun and magnet were encased in magnetic 
shielding to minimize the deflection of the electron 
beam by the magnetic field of the analyzing magnet. 

After mass analysis the ions were detected by a 
Spiraltron Electron Multiplier (Bendix Corporation). The 
spiraltron was operated such that a gain of 10° was 
achieved. For negative ions the voltage across the multi- 
plier was varied between 3 to 4 kV. The output pulses 
from the multiplier were very narrow (~3 ns by manufactur- 
er's specifications) and of very uniform size compared to 
the variable size of the output pulses from a conventional 
dynode structure. This uniformity has been attributed to 


space charge of the pulse of electrons as it moves through 
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the channels of the multiplier (99). 

The Seiad ey of detection for the spiraltron is 
approximately unity for negative ions with more than 500 
eV energy on impact (100) and about 90% for positive ions 
(101). The high efficiency for negative ions has been 
explained as due to the ease of removal of the loosely 
held electron of the negative ion compared to the more 
strongly bound electron of the positive fion (100). 

The output pulses from the multiplier were then 
passed through a discriminator to eliminate low level 
noise. The discriminator curves were similar to those 
shown in Figure (2.6). The background count was much 
lower, about 3 counts/sec, than that observed with the 
dynode electron multiplier described earlier. The lower 
background count of the former is probably due to the 
more uniform output pulses of the spiraltron which gives 
rise to horizontal plateaus in the discriminator curves 
which are only observed at high acceleration energies 
with the dynode multiplier. 

The pulse amplifier unit consisted of a preampli- 
fier, amplifier and discriminator. The amplification unit 
delivered a 0.25 us pulse for each input pulse. The re- 
sponse time of this amplifier was not as fast as the one 
previously used and it was found that at counting rates 
larger than 10° counts/second, the signal saturated the 


amplifier. This condition was easily detected as the ion 
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profile collected in the multichannel scaler would be flat- 
topped at the maximum of the curve. Normally the signal 
was adjusted such that the most intense ion count rate 

was no more than 5 x 107 counts/second. 

The gas handling system was of the same design as 
that described in section (2.5) except for one extra 
feature. This instrument had been used for investigations 
of systems using condensible organic compounds. Therefore 
to protect the oil diffusion pump an extra vaive was in- 
stalled which led to a mechanical pump. Once the exeri- 
ment was finished the contents of the 5 litre buib could 
be pumped from one atmosphere to about one torr with the 
roughing pump through a trap, then pumped with the oi] 
diffusion pump. This arrangement kept the gas handling 
system clean and the oil in the diffusion pump needed to 


be changed less frequently. 


2.0" Time: of Flight 


The time required for the ions to travel from the 
ion source to the detector is finite and should be cal- 
culated for each ion. The time of flight could be 
estimated by assuming that the gradient of the electric 
field from one electrode to another in the ion accelerat- 
ing tower was uniform. The gradient was assumed to be 
the potential difference between the electrodes divided 


by the interelectrode distance. Using the geometry and 
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potential of the electrodes the time of flight may be 


calculated from the following expression.. 


2 

Shay ti; 
e06.° = Viltte + ee eee Pd pe 
ao ein 2m ( ) 


where xe) is the spacing between the Ae and et elect- 
rode, Vi; is the alee ite of the particle at the malt 
electrode, Ea is the potential difference between elect- 
rodes i and j, m is the mass of the particle, e the 
electronic charge and ty the time of flight from elect- 


rode ito j. Since 


View i Viet a ) J (25,3)) 


the quadratic equation (2.2) can be solved to give Bare 
The total time of flight, tes is therefore the sum of 


the individual rr for nkelectrodes, 
n 
a Sst, 
j=l 


For machines of this geometry in our laboratory it 
has been found that te is normally of the order of 5 to 
10 ps (94). Since the time of flight is comparable in 
magnitude to the minimum time resolution of the multi- 
channel scaler, the correction for te was not used in this 


investigation. 


| pi 
i dd yor InalhH 2% ai} ana, | 
POTS eangRe | ap wel behe 4 | hete 
‘ | el 
‘ : ass ie 
ee re a a 
(indy " iver ed 


| Or a ae ? 
igsath. ou) pee Oe eRe oeawees a - 

"1 sds a6 slatewe aqz ¥e votanihaimne WNW 2 
~“poals saw ted sonasartrh imi sastog Ro a | 


ee 
SM3 2. .e@l> tare of. To iar ota BF) ny wk ay: ol 
Waele moat sgh) T to emls ens) > pe ba pend akg 


, ah 

ay aaa 
ve .'S] ; ris 2 aye 
Ley cinta | 


3 Svbp lod bevlor an inn wiih vu ‘ote 
KR 


Y TS: \ntie -ah9 Pama, la 
, {: PORE 


| ’ ; a 
.2 ee ViGn ero aae Tus er 


bs a ip ashe att eer, 


ied 4 
P of un , f 
oy ref “SFG o sglfinn ae ME 
= 5 i ay 
yi A 


mee ee ens to Beis 


59. 


Za tit Physical Conditions in the lon Source 
A. Number of Collisions in the lon Source 


The conditions inside and the dimensions of the ion 
ee must be chosen carefully to ensure that the signal 
received at the detector.is an Bocuse representation of 
the ion population in the ion source. Simple kinetic 
theory can be applied to verify this assumption. 

In studying ee SRT Pe cha Ve reactions it is neces=- 
Sary to ensure that one ions have no excess energy when 
they emerge cous ion source. If no peopel ter voltage 
is applied then the source is rete free but the ions may 
have obtained excess energy by chemical means. lin cre = 
actron (2.60) an ion A collides with aoneutral Band 


+,% 
forms a cluster [AB ] with excess energy due to the 


, k x + 
Re + B AS [AB] cll dtodd Bey AB (2.6) 
Ane ce M 
k 
d 
bond formed. Depending on the lifetime of the excited 


Species, it may decompose back to the original products 
before it collides with a third body, M, which removes the 
excess energy. In fact many collisions may be necessary 


+_.x* . 
for WABST'*to* return. tov its*qrotdnd state. 


The number of collisions per molecule per second, 


Z, in a gas is given by 


2 = Y2NvT0" (2.7) 


\ 
‘| 4, 
. i . ee 


nod sat) fo sad tebentl ect bio a iaesaat id 
fenpiz ens san guetta ot vile onge: 13 a a 
76, roliataveoTQa. aye wase we ek ‘eh siete a 

sl4sekd S¥qnt? los iee anak ay iil wehaatatoe ei 

OA GU 2a? Vth iey: oF dain wes vet > Ve 

~so>seh e1osa) eee tes6e4 > leyalomine | pie 


f 
ca ' 
b) 


fal 


waiw Vibvana 228i xe) On Swen eno)" i! ss 00m 
greg toy wail taeres on 1%! eee hi, deh ath mio) | 
vim arb) oft Sed ees) bah 2.) sapliae Ad) nets bet 
> cael Ss ainesin Tanna me: We Nowe sediane) (er 


bas G46 ad aT.’s dab aap livres) Sart 


ans 3 ou ‘pose mer 


we 


‘ tee fusil ‘ bs 
(a ¢} HA yah thie fi yi +: ; a 
: i as r ; ~ 

. 


Milian, 
d aedunooat, ie ta 
a A geht Whee: aa 
yea canon 4d. ven “eae te e veitem raRt ny 


7 ” | ay y Doe. ‘ t "¢ << i. a 4 _ 
| | “on bade / co ope ay ora re 


a 


Par 


] van f 
ose vq" ofuaston. 


Mey) 


‘a Bae Ce i © Roto Te: ed p ’ | 
oie he ye With | 


60. 


where N is the gas number density, o is the diameter of 
the molecule (102, p.40) and v is the average velocity 
calculated from equation (2.8). Tes is therefore the 
collision cross section. 


: %, 
oe (cam) (2.8) 


Tm 


For methane, o is 4.1 x 10 cm. At a pressure of 1 torr 
of methane at 300°K a molecule will undergo 2300 colli- 
sions in a millisecond. 

A charged particle will suffer more collisions 
since its collision cross section is larger than that of 
a neutral molecule. The collision cross section of an 
ion and a molecule is given by the Giomousis-Stevenson 
expression (16). Equation (1.6) predicts that collision 
cross sections for tons at room temperature are of the 
order of 100 a2 Using this value in equation (2.7) 
indicates that an ton will undergo about 10° collisions 
per millisecond at 1 torr pressure at 300°K. it may be 
assumed that after so many collisions the ion should be 
in the ground state. The half life for the disappearance 
of positive ions is about 300 Usec which represents the 
lifetime of an ion before it undergoes another reaction. 
During this time an ion will undergo about 3 x 10" col= 
lisions, therefore an ion undergoing a sequence of ion- 
molecule reactions will reach the ground state before it 


reacts further. 
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the size of the ion exit slit has an important 
effect upon the flow conditions. Previous experiments 
in this laboratory (103-105) have shown that the com- 
bination of high pressures ( 20 torr) and large orifices 
(0.1 mm) tends to make the flow through the orifice non- 
molecular. The consequence is that the ion population 
changes as it emerges from the ion source due to cooling 
effects and collisions in the expanding jet of gas. The 
cooling of the gas causes large clustered ions to grow 
in size while collision of the ions causes larger clust- 
ers to dissociate to smaller ones. It was found that 
molecular flow was most suitable to eradicate both of 
these problems (105). 

Molecular flow occurs when the dimensions of the 
orifice are args than the average distance that a 
molecule travels between collisions, that is, the mean 
free path. The mean free path, Ais given by 

iyl 
eet (2.9) 
¥2 Nto 

where N is the gas number density and o is the diameter 
of the molecule (102, p.40). The mean free path of 
methane at 3 torr and 300°K is .014 mm. Therefore the 
flow through a ‘ial? x .017 mm slit should be near molecular. 
Molecular flow through an orifice is proportional to 


YT/M where T is the temperature and M is the molecular 
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weight of the compound. The flow to the ion source from 
the reservoir is viscous since the diameter of the tubing 
is large compared to the mean free path of the gas mole- 
cules. For viscous flow all of the components of the gas 
travel at the same velocity. However, the different com- 
ponents of the gas leave the jion source by molecular flow 
i.e. the lighter gases escape faster. Therefore the ion 
source will become enriched in the heavier components. To 
avoid this mass discrimination a flow system, described 
in section 2.5, is employed which continually refreshes 
the gas in the ion source and prevents any build-up of 
the heavier components. Normally the size of the capil=- 
lary in the flow system is chosen so that the flow through 
the capillary is 3 to 4 times that leaking through the 
slits. This can be tested by monitoring the pressure 
drop with time when the gas handling system is filled 
with gas at 5 torr and opening the valve to the ion 
source. Figure 2.8 shows the relative rates of pressure 
decrease through the normal flow system and through the 
slits only. The relative rates of decrease with and 
without the capillary at 3 torr are 3:1 and this ratio 
is sufficiently large to assume that there is no accumu- 
lation of the heavier reactants in the ion source. 

The flow behaviour can be analyzed by assuming 


steady state conditions in the ion source and that the 
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S04 at2 Orn 60%) 1,200 
time (secs) 
Pressure Drop in the lon Source, @ with 


Capillary, O without Capillary. 
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only orifices are the inlet and outlet flow tubes~ and 
the exit slit as represented in Figure 2.9. If the gas 
mixture contains two gases of molecular weights My and 


M where My <M and the stationary concentrations in 


a 2a 

the ion source are a and b for components | and 2, the 
rate of flow of compound 1 into the fon source is equal 
to k and that of compound 2 is Ko- The outflow rate 
by viscous flow of compound a is equal to ca and the 


outflow rate by molecular flow of compound a is dja 


and compound b is d,b. Since 


Flow into jion source = Flow out of ion source (2.1 


Therefore 


ky = a(c + d,) (2051 
Kan b(c + d,) (en 
Therefore ie bike + d.) oe 
b Ko(c + d,) 
From Graham's Law: d, = f. S); and d. ed ak ae (2.1 
| YM MM, 


where f is a constant. 


Substituting into equation (2.13) 
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Schematic Diagram of Gas Flow through 
the lon Source Showing Viscous Flow 
through Inlet and Outlet Tubes and 


Molecular Flow through a Narrow Slit. 
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If it is assumed that the viscous flow is x times larger 


than the molecular flow through the slit then 
(2.16) 


Substitution of equation (2.16) into equation (2.15) gives 


cS ae ee 
a Ky vm, YM, 
i a (2:07) 
k x ] 
D0 Nore yee 
ir YM 
For a system where My = 16, M, ="64 and x = 3 
a st 
rh ty ei aka (2.18) 


Therefore the ratio of gases in the bulb is different 
to that in the ion source. To test whether this could be 
detected.a mixture of CH, t-BuOH and ccl, was flowed 
through the apparatus and the equilibrium constant, Romine: 


measured for reaction (2.19). 


K 
= (@) ] as 
——> (CH COH.CI 2. 
Cl + (CH,),COH ( 3)3 (eure) 

The capillary was then closed and the mixture was allowed 
to flow for 7 hours to see if there was any detectable 
difference in the equilibrium constant. The broken line in 
Figure 2.10 represents the average value of 9 experiments 


under normal flow conditions and the points show the 


koe 


yepis! ‘2 ermuyz * Ai! weit eiviere ly yea te 


aged atte ads dopords wort 


| devia. (21.5) notysups inva? (ORs; 


| a las an P 

| alien sh get mane 
; : Ray R) PY x, nie ee S| 
( \ r “ ) r ee et SR ) lettin : | ‘i j ae sf Fi 
pe Ais 4 a ie Pld 1 =e ‘ yl a Neu, y 


se 


‘peewee Tb a4 alba aa3 ut i ile tp | 
‘4a UoOD are ists odw dead a Sled aot vib sa 


ia, i 
Phi bb.) A 


Hi] y nea? f 3 bbe a! I9 bing bee Wa nah? >. wee hie mits 
ny ee bye anebanos au tod ‘ “a me be, urerRGae oA xi 


ae. Oy omnes ve ror om 


Pan ARG ‘2 ae 


| bgt ee 
ue ad 


Are 
an : 


Wenas) |” “i nod ( oa ; 


ry : : pe 
hy : Hi a ; 
, ih? ay mh aa ee eae | 7 
) i i ‘ f ; ae i ‘ht { aa nm 
ci Tig 8). Ray gh oo ee 


A Pate Beeots naity cov yumi tqea iad 
iy . vif Nie Ne Pie pe i oe Pos 
J _ | Siistoeteb ere, ey, = CRE aps vse DR i 
” : lie) Poe ie i ; a : 
b aay 7 ¥ 


ae ie 


po ae edt KSaoNd ait 


ae mene | (ite i Tee er a 4 5 on 
a © _ - - Ws a 


FIGURE .2 10. 


4 6 8 
Flow time (hrs) 


Measured Equilibrium Constant for 


—> 
<< 


the reaction Cl. + (CH,),COH 
(CH,),COH.C1 at 215°C with 
Flow Capillary Closed. 


oe Rese ns ae 


Broken Line 


PET ae oe eee «Pe ee eed ot bene 


67. 


vie 1." 
J I i cs. 
t : ar 
¥ i ‘ 
i eh 
he 
‘ | 
aie { 
‘ 
ee ee eee aa rien , we en-veeie 
{ 
. 
4 
é a 
= 
! 
~ 
Naf: 
- - = 
' 
LF 
: * 
: ai | | 4 
i 
q i Ar’ ih 
\ | 7 ol he 
; ry - i 
5 bay 
‘ i 
‘ sg ) 4 ai) 
ee | 
b 4 At ' , 
. H ay i fe) 
i 
f Lia a oo 
: . tH 
; ae i 
% j ; 
ue { j J 


Die en na os OE 
aM Sit: wey CL et ae 
46? Pheri fat erean! aciuspan 

oe f ene 
} bes chee” Sats phe ) Nae 


i ; ate ate 9h 
. a 


ae 


ae 


ne 


b never? . eaaeed den 


68. 


measurements where the gas flowed only through the slits. 
The average equilibrium constant measured with normal 

flow was 0.557 torr! and that measured under static con- 
ditions was 0.531 bo Brib} 2 a difference of less than 5%. 

The equilibrium constant measured under static condtttons 
did not undergo any steady change which would have occurred 
if there had been a gradual enrichment of t-butanol, the 
heavier compound. At a pressure of 3 torr the flow through 
the slits alone is 10 cc/min which is probably fast enough 
to flush out the fon source so that fio enrichment of the 
heavier compound occurs. 


The region of highest pressure outside the ion source 


is the space directly outside the ion exit slit due to 


escaping gases spraying into the vacuum chamber. The 
probability of a collision between anion and neutra! mole- 
cule pamener erence highest in this region. If methane is 
the major gas passing through the ion source at 300°K 

and the pressure in the vacuum chamber is 2 x lo"? LOG, 
then the méan free path of an ion is about,135 em fcom 
equation’ (2.9). The distance from the jon exit siit tc 
phe detector is lessithan.! m. therefore Under -these con- 
ditions no collisions should occur while the ion travels 


from the ion source to the detector. 
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C. Charged Particle Recombination 

The concentration of positive ions in the ion source 
may decrease by two pathways: diffusion to the walls and 
charged particle recombination. Charged particle recom- 
bination for positive fons is mainly due to ion-electron 
recombination. The half life for recombination is given 


by 
+ es (an) 7! (2.20) 


where a is the ion-electron recombination coefficient, 
ne is the density of electrons. Values of a are quite 
well documented but me is more difficult to estimate. 

The number of primary ions generated from one elect- 


ron is given by 


ei 


—P = Qnl (252) 
I 


e€ 


Q is the ionization cross section and 1 is the electron path 
length. The distance from the electron entrance slit to 


the electron trap is about 1 ‘cm. At alpressure of 3) torr 


17 


at’ y300°K,. Ay =atix 10 molecules/cc. The ionization cross 


section CH, for 1400 eV electrons may be taken as 2.8 x 10°! 7 


2 
cm (106). Therefore) from equation (2.21) 6achoelectron in 


the primary beam generates about 3 ions, providing the 


electron energy remains constant. If it is assumed that 
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about 100 eV are lost per collision (107) the final elect- 
ron energy will be 1100 eV where the ionization cross 
section is slightly larger. For each ion produced a sec- 
ondary electron will also be created which will have an 
energy of about 70 eV. The secondary electrons will give 
rise to 2 more ions before they reach low energies (107). 
Therefore each primary electron which enters the ion 
source produces approximately 10 ions at a pressure of 3 
torr. During a 10 Us electron pulse about 2 x 10/ (sec- 
tion 2.7) electrons enter the ion source and give rise to 
“ex 10° ions. 

Although the total volume of the ion source is about 
2 cc, the ions are only formed along the path of the 
primary electron beam. The electron entrance slit is 
2 x .008 mm and the distance from the entrance slit to 
the trap is 1 cm but as the beam enters the source it 
will be spread by collisions. The volume in which the 


3 


ions are generated can be estimated as 1 x 0.2 x 0.1 cm” = 


ae Gio -en awhlichayielids aneintele iideneteyioteaboaut 


10/0 ions per ene Since the volume in which ions are 
generated expands rapidly as secondary electrons are 
formed, this estimate of ion density is a maximum vaiue. 
From equation (2.20) the half life for iton-electron re- 


combination is 50 msec. The half life for the disnx 


appearance of the total positive ion signal shown in 
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FIGURE 2.11. Time Dependence of Total Positive lon 
Signal in 2.5 torr Methane and 0.5 mtorr 
Ethane at 104°C. 
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Figure 2.11 is about 0.1 msec. Therefore in the present 


experiments ion-electron recombination should not cause 


significant loss of signal. 


D. Diffusion of lons 
The previous section discussed positive ion loss 

through recombination with an electron and was found 
to be unimportant. Above ion densities of 10//em? 
the interaction between charged particles during diffue- 
sion should be considered (102, p.512) due to space charge 
effects. 

| Figure 2.11 shows the total positive ion intensity 
with time for a mixture containing a ratio of CH,:C He of 
5000:1. The pressure in the ton source was 2.5 torr at 
104°C. The diagram shows that initially the tota} positive 
ion signal decays very rapidly and then at about 250 usec 
there is a break after which the positive ions decay much 
more slowly. Previous experiments on other machines (94) 
have shown that if the instrument is then switched over 
to monitor negative ions, the negative ion signal.is 
initially zero and then at the break in the curve of the 
positive ion signal, it rises rapidly to a maximum and 
then decays at the same rate as the positive ion signal. 
if substances are added to the flowing mixture that have 
a large capture cross section for thermal electrons then 


the break occurs earlier in the decay of the ions. Thus 
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when studying negative ions, compounds which are efficient 
electron Sapeace agents are usually added to the gas flow 
to enhance the negative fon signal at short reaction 
times. 

The transition point in the curve may be explained 
qualitatively in the following way. As the high energy 
electron beam traverses the ion source it initially creates 
mainly positive ions and the corresponding secondary elect- 
rons. These electrons cause further fonization until de- 
graded to thermal energies by inelastic collisions. The 
electron capture cross section is very low for high energy 
electrons (102, p.382) and thus very few negative ions are 
formed initially. 

Since the mobility of the electrons in the plasma is 
much larger than that of the ions (108) they start to move 
rapidly towards the walls of the ion source. However, the 
motion of the electrons is restrained by positive ions which 
are left behind and a space charge field is created. This 
field also has the effect of speeding up the positive ions 
and they diffuse at a faster rate than if the electrons 
were absent. Thus the positive ions and electrons diffuse 
at the same rate under the influence of their mutual 
electric fields. When charged particles diffuse through 
a gas at a rate controlled by the electrical forces between 
them, the diffusion is called ambipolar (109). Below ion 
/ 3 rhe charged particles are far enough 


densities of 10 /cm 
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away from each other that their mutual electrical forces 
are negligible compared to their thermal energies. 
The ambipolar diffusion coefficient De. is given by 


the relationship 
+ - - + 
pee Re DSK (229) 
+ ~ 
K + K 
+ J 
where D and D are the diffusion coefficients of the 
positive ions and electrons respectively, and kK” and K- 
are the mobilities of the respective species (102, p.513). 


- + _ 
Assuming that K 7> K~= and that pe =T =T ee it is found 


that 


Dw 2D" (22233) 
The slope of the two dashed lines in Figure 2.11 differ 


by a factor of two. The initial points on the curve are 


high because electrons are still entering the ion source. 


The abundance of positive ions reaching the exit slit 
will be high during the Sago positive ion-electron 
diffusion while that of the negative ions will be low, 
since they are trapped by the electric field. After a 
time a number of the positive ions and electrons will be 
discharged at the walls until the number density of the 
ions and electrons is insufficient to maintain the space 
charge field. The collapse of the field is shown by a 
break in the curve in Figure 2.11. where negative ions 


suddenly appear and decay at the same rate as the positive 
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ions. After the transition point therefore, the diffusion 
rate is probably determined by positive ion-negative ion 


ambipolar diffusion. 


oe ie Normalization of the Data 

Figure 2.11 shows that the total ion intensity 
changes with time. if rate constants were calculated using 
raw data, the values obtained would be inaccurate since 
ions are disappearing by diffusion to the walls as well 
as by reactions with other molecules. To eliminate the 
diffusion factor the ions are "normalized" by calculating 
the ion intensity at a time t as a fraction of the total 
ion intensity at that time. Therefore normalized ion 
intensities represent a system where the total number of 
ions remain constant. 

For this method to yield meaningful results, the 
temporal profile of all observable ions must be measured, 
Aliso, the period between 2 successive electron pulses must 
be sufficiently long that the total ion intensity has de- 
cayed to a negligible amount so that any ions left from 
the previous pulse will not interfere. In Figure 2.11 the 
pulse of electrons entered the ion source every 3 ms and 
the total ion signal had decayed by a factor of almost 
10°, thus the number of ions left in the ion source at 
the start of the next electron pulse is minimal. 


The normalization procedure assumes that all loss 


Se 
i 
iF vie 
{ "Ca i ; ‘ ¢ ’ ySt ¥ } * i¢@ ! 72 
“ : ‘ , : ‘/ ( i 28 a 
‘ 4 
io 
I 
5 pol otiethel | bei 
— = . - oe ey Goel Sa e—eestew in ee 
Sc) 7 hs yeh AE Ed ofteg 14, 
s { a a nl 
’ ¥) eid apiece 
t be “- ' / , ‘ ‘ \ ? 
: j ] Sui BY a my 
; on iverwagedh s 
¥ - 
fisePom I40d.r Wat) ene) 29887 
i) Bo cy non. Ss. Set sd ‘ose ray aol Phi 
é eo " : ; 
m5 tO 7 26 9 Bm we Fh vole 
Whi 
A : i] 
f r 4 $55 & 2 Ser ay ert Byars! neg 3 ei ah 
be 7 , ¥ ’ i 
to “admis ; yD i ated = nezene ¢ tAR ER) ea ge) | 
: nay, ua 
w ine ! a ' mee re 2 . : 
5 “4 , 
i ay aR -ro ht nt 7 
eT y le i: ; Yaa ni 
bay ae q i 4 i 
it Ph oaraw |) aa vase btehy c oF bonis om 2a + 
. ‘ t- y Lolf 
i ae A ) q view. is 
| REE Spe ee Sx eg | 
81 DeCESM. SE Fern enol Negus als thle to wt row 
} f yas 7 "e r j 
> ; hile ‘ SS rl F - F ‘ ‘ ae r ia a 
20 2e2 8 tim It3221sS SVi2eanIlS) 5 OS awl en fae 
- Mee Ts 2h we | | 
i ab 26d Vi beoadal aet. Pasot reds aga ge | v rast 
j ; 1 
Me ; ad SF , ite 
a v 7 
Pa, 17 Wel o2hel Yee oa #z ghuprs gtuloi i 1 & 
; , hee 
7 ' i - 


>> ; ey , 
eae ; 


aie em Cf Vvove So rugar nol” adr bersiey one 


A ‘u¥ 


er, yh 5 Ain 
apy J2onbhe. to Acépat 4 va baxevab Bed) temgix a 


im ' 
* wy a } 7 \ F : 
| rf Oh2° F1sS eupta Hh xs ajateooal eek Uh be eatug ny 


1 S21 ude (ol shi En ad anh, pesca ee 
Pas } j Ps rs hie i : ib) r ae : Ca ot a hee i 
v2 rs ne erbiAl Ww ‘at ith py oat soni 

_ j z vale ee . 1B fv hey iY 7 nics 

7 oe 4 te stan 6 ‘stub aba vere 


ier 


76. 


mechanisms, other than fion-molecule reactions, affect al! 
ions Sina Why: lon-electron recombination was shown to be 

a negligible loss mechanism in the previous section. Nore 
malization assumes therefore that all ions diffuse to the 
slit at the same rate, i.e. their diffusion coefficients 
are the same. However, diffusion coefficients are inversely 


proportional to the square root of the reduced mass (102, 


De cP (2.24) 


where uw is the reduced mass of the colliding ion and mole- 


p.435). 


cule. 
Consider two ions my and mo of m/e 30 and 60 in 
methane. The reduced masses of the two ions colliding 


with a methane molecuhe are UW, = 10.4 and Ho = 12.6. Sub= 


] 
stituting into equation (2.24) gives the ratio of the 
diffusion coefficients of the two ions. 


45 
Ope fate! (2.25) 


D Hy 

COE CLER D,/Dd,= 1.10 and the diffusion coefficients differ 
by 10%. Since the mass range of ions detected in the kin- 
etic study was of the same order as in the example given 
above, the diffusion coefficients of the various ions 

will not differ greatly. In most kinetic studies the rate 


of disappearance of an ion by reaction with a molecule is 
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much larger than by diffusion. Therefore it is expected 
that the normalization of the ions will not introduce ser- 


ious error into the results of the experiment. 
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CHAPTER 3 


ASSESSMENT OF SYSTEM OPERATION 
TAS) Auxiliary Filament Test 

Since the Atlas CH4 had been modified considerably 
and equipped with a new ion source the system was tested 
by studying reactions where the rate constants or equil- 
ibrium constants were well established. 

After the high pressure ion source was instalied, 
the low pressure auxiliary filament, placed just outside 
the fon source, was tested. At this time the original 
gas handling system and signal amplifier on the Atlas CH4 
were still being used. Methane at pressure of the order 
of 10 mtorr were flowed through the ion source, the pressure 
was measured with a microcapacitance torrmeter in the flow 
system. Table I! shows the ion distribution observed in 
10 mtorr of methane using the 70 eV auxiliary filament, 
together with the accepted values. The auxiliary filament 
was not intended to be used as an accurate measure of 
electron impact spectra but rather as a check on the 
purity of the reactant gases. Therefore the agreement 
shown in Table I! between the observed intensities and 
those in the literature is quite adequate for the intended 


purpose of the auxiliary filament. 
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TABLE I1 


lons Observed When Methane Is Bombarded by 70 eV Electrons 


m/e lon Intensity as a % of Vargest ‘peak 
This Work ASTM® 
12 ch 0.2 
13 CH 1.0 3 
14 cH,” 5.10 7 
15 CH.” TAO 76 
ifs Bh 100.0 100 
+ 

CH 0 

17 : 7 
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x Pan Electron Gun Test 


Before the pulsing circuits were instailed only the 
intensities of ions under continuous irradiation could be 
observed. Probably the most documented system is that of 
ion-molecule reactions in methane. Successive workers have 
tended to work at increasingly higher ion source pressures 
as techniques have improved. This increase in ion source 
pressure results in the occurrence of more complex re- 
actions. 

The primary ions produced by electron impact in pure 
methane are shown in equation (3.1). The established ion- 


molecule reactions (5-7, 111-114) occurring after the 


+ + + + + rs + 
Pte eH ee, WHE CHRP ICIe. SCO Re PSOE CSA] ) 


CH, i 


formation of the primary ions are listed in equations (3.2 


to 3.9). 
CH, shetin CHy —> CH,” te CHy G32) 
CH,” + CH, —P cH” + Hy (3.3) 
CH,” + CH, ——SCoH, + H, (3.4) 
GHsg she willy — cH,” + Hy +H (3.5) 
CH” + CH, —C,H, + Hy +H (3.6) 
CH,” + 2CH, = CgHy + CH, (3.7) 
Cline + 2CH, — > c,H,” + 2H, (3.8) 
Galas + CH, Sauer + Hy (3.9) 
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Field (35,37) calculated the rate constants for the 
above reactions by studying the ion intensities as func- 
tions of pressure. To calculate the rate constants, the 
residence time of the ion in the ion source is required. 
However, the estimation of the residence times of the 
ions is quite complicated because reactant ions are not 
necessarily produced in the electron beam but can be 
formed in a diffuse region around it. Therefore the 
position of formation is not well~defined. Also, at high 
pressures the ion undergoes a large number of collisions 
before it passes out of the ion source and the position 
cannot easily be calculated. The drift velocities of the 
ion are not well known and their values change as the pres- 
sure is varied. The ion source residence time or reaction 
time changes as a consequence. 

Figure 3.1 shows the ion intensities observed at 
different ion source pressures of methane. Field's 
results (35,37) are shown by the solid line and the pre- 
sent experimental results by the symbols. The data is 
rather scattered, but Field's original data, shown in 
reference (37), also shows considerable variance and the 
smooth lines are a result of a large number of experiments. 
The agreement between the low experimental relative in- 
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tensities of CH is and CH, and Field's observations is 
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+ + 
good. The intensities of both CH and Cons are gen- 
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erally lower than Field's results but this may be due to 
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; bite 
the presence of water in the system because both CH and 


5) 


+ 4 
CoH will proton transfer to water. 
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CH, + H,0 —_——__ H,0 + CH, (3.10) 
+} 
CoH, + H,0 ae H,0 + CoH, (3.11) 
The observed relative intensities of cH and aN will 


therefore be smaller if water is present in the system. 


About 5% of the total ion intensity was due to H,0" 


3.3 Testing of the Pulsing Circuits 


When the pulsing circuits and the fast response am- 
plifier/discriminator were installed the temporal! profile 
of the ion intensities could be collected and stored in 
the multichannel scalar. A reaction sequence was Heer 
which had been studied recently on another instrument in 
our laboratory and required only a simple flow system. The 
system studied was the solvation of NH,” with ammonia. 


K 
+ o-an 
(NH, ) + rammed Li) * (NHS) (3.1 


NH Apa jf ypomamaauetre 


h 


Methane was flowed directly from the cylinder. The 
pressure was reduced to the torr range by a needle valve. 
The ammonia was treated similarly and the two gases were 
mixed by a capillary from the ammonia line projecting into 


the stream of methane. At low temperatures approximately 
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equal pressures of methane and ammonia were flowed through 
the ion source. At higher temperatures only ammonia was 
used. 
Many ions were observed, most of them of the type 
NH, (NH.)_ wh ied f 0 d also NH, (H,0) 
k 3/n where n varie rom to 9 and also h 2 
where w varied from 1 to 5. Mixed clusters of the type 
+ e ; 
NH) (NH) (H50) were also observed. The water impurity 
arose from the reactant gases and was also inherent in the 
system. 
The equilibrium constant for the solvation reaction 
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can be denoted by K for the addition of the neh sol- 


matin 
vent molecule to the cluster. eel E is given by 
? 
SGA 
or et-er (3.14) 
, Paes P 

X -ALny A 

where P, is the partial pressure of A. If it is assumed 


A 


that the partial pressure of an ion is proportional to 
the observed ion intensity, then equation (3.14) can be 


rewritten 
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The free energy of reaction (n-1l,n) is therefore 


given by 


6 
AG = -RT In K 
At n 


(3.16) 


=n 


where T is the absolute temperature and R is the gas con- 


stant. Since 
r ° 
A = = Si 
nein n aH a Leen (3.17) 
equation (3.17) may be substituted into equation (3.16) to 


give } AH” As? 
In kK YR ioe BSL ia a ae roe IPL (318) 


n-i,n RT R 


which is a form of the van't Hoff equation. Therefore 


measurement of Ko] at various temperatures enables a 
> 
plot of In pee a ME i ‘to: beydrawn. The slope is equal 
2 
7 
° ° 

-A ° ° A 5 e 

to Nata? © and the intercept is Se ery By selecting 


Suitable pressures and temperatures, reactions with dif- 
ferent values of n can be investigated. 

The ammonia/water system has been studied by Kebarle 
et al (69,103). Figure 3.2 shows the van't Hoff plot for 
the measured equilibrium constants for reaction (3.12). The 
solid lines indicate the results of Kebarle et al (69) and 
the experimental points lie close to them. Most of the 
experimental points lie with +20% of the line which is 


reasonable agreement between the same experiment performed 


on different instruments. The equilibrium for the reaction 
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+ + 
NH, (H,0) | elt) mmm NH), (H,0) (32719) 


could not be calculated since water was an impurity and 
its partial pressure was unknown. 

Table I!1i shows the thermodynamic parameters obtained 
for the (1,2) and (2,3) equilibrium. AH? andhis « were 

3,4 3,4 

not calculated since the temperature range over which the 
(3,4) reaction was studied was very small. The thermo- 
dynamic quantities calculated agree satisfactorily with 
those of reference (69). The instrument therefore yields 
reproducible results within 20% precision. 

The preceding experiments described in this chapter 
were performed using the existing gas handling system 
of the Atlas instrument. Before proceeding with any 
further experiments the all-glass/metal gas handling 
system described in section (2.5) was built and installed. 
This enabled the gas handling system to be baked up to 
200°C to reduce the water and other impurities and 
eliminate the ''memory" eg ey of the previous gas handling 


plant. 
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TABLE I11 
Thermodynamic Parameters Obtained for the Reaction 


+ + 
NH), (NH) =] + ONG See NH, (NH) 


3 
: fo} fo} O° 
Reaction -AH (kcal/mol ) ~AS(e.u.) -AG (kcal/mol) 
(n-1,n) This work a b This work a_ b This work a__b 
12 15.2+1.5°17.5 17 20.8+3.3 23 26.8 9.0+1.5 8.9 9.0 


253 i225 0.2 W300 (Glbape zee 0.5), 2034 Seo Os2m ont. 6.4 


a. Reference 69 
b. Reference 103 


c. Standard deviation from least squares analysis 
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CHAPTER 4 

TON-MOLECULE REACTIONS IN METHANE CONTAINING TRACES 

OF ETHANE 
4. Introduction 
Interest in carbocations has been revived recently 

because of the possibility of observing them directiy in 
highly acidic or "'super acid" solvent systems (115). There 
are two distinct types of carbocations. The ''classical"! 
trivalent carbenium ion, such as ER); contains an sp- 
hybridized electron deficient central carbon atom, which 
is normally planar. The second type is the none las etc alt! 
penta or tetracoordinated carbonium ion, for example CR 


5 


and Dalbe The pentacoordinated species contains a five= 
coordinated carbon atom with eight valence electrons. The 
surrounding carbon atoms are bound to the central carbon 
by three single bonds and a two-electron, three-centre 
bond. For many years the transition state of S,.2 and $2 
reactions has been represented by a pentacoordinated 
species which until recently had not been observed dir- 
ectly, (1hI5): 

The structure of the tetracoordinated carbonium 
or one, ea can be respresented in two different ways as 


AD 
shown in (4.1). 


R R 
x A. 
R——€——_C ——-R ‘teh ae, (4.1) 
i 
| R R R 
(a) (b) 
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The existence of the nonclassical structure (b) has been con- 
troversial for the last two decades (116), but no direct 
experimental means were available to differentiate classical 
from nonclassical ions. The first direct observation of 
stable alkyl carbenium ions was reported in 1962 by Olah 

t al (115, p.16) when t-butyl fluoride was dissolved in 


excess antimony pentafluoride, which functioned as a Lewis 


acid as well as the solvent. 


! pr - 
), ——_> (CH) 3¢ Sb.F (4.2) 


(CH) 3CF + (SbF oF 1] 


52 


The development of other superacids, such as magic acid, 
ESOS nao bh, and fluoroantimonic acid TESSbE has enabied 
many other carbenium ions to be observed using Ta-NMR, 
'30-Nmr, Infrared and Raman Spectra and ESCA. 

The simplest pentacoordinated carbonium ion is the | 
methonium ton, Che a which is well known in the gas phase 
from mass spectrometric studies. The reaction of methane 
in superacids and with strong electrophiles has been 
studied by Olah et al (117). Olah proposed that the 
interaction of the proton involves the main lobes of the 


covalent bonds, i.e. that the reaction proceeds by frontal 


attacknad115}. 
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Electrophiles attack the points of highest electron den- 
sity. Therefore Olah suggested that attack occurs on the 
covalent bonds and not on the back lobes. 

Several possible et ruc eres exist for the methonium 
ion: Osh? Che C.; symmetry. Olah and coworkers, on the 
basis of experiments on methane in superacids, suggested 
that Ce was the preferred form. Pople et al (118,119) 


—— —— 


utilized ab initio calculations and supported the C. struc 


Na 


‘ , | 
Deh Chy . 


pa + mt 


ture. Their calculations viidueated that Cc. is more stable 
than the Ch structure by about 2 kcal/mol, and that the 


latter is 8 kcal/mol more stable than the D structure. 


3h 
Other independent calculations also indicated that the G. 
structure is the most stable (120,121). However, it should 
be noted that the theoretical calculations considered the 
isolated ion, whereas Olah's data would be influenced by 
solvation. 

The renewed interest in carbonium ions in superacids 
and the subsequent additional knowledge from theoretical 
calculations has led to further investigation of the be- 


haviour of carbonium ions in the gas phase using mass 


spectrometry. 
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Two important properties that can be studied by means 
of jion-molecule reactions are ion-solvent interactions and 
the acidity or basicity of a substance. The former has 
been studied by Hiraoka and Kebarle (74) who investigated 


reaction (4.4) 


+ + 
CH, CCH), o airuct CH, => CH, (CH,) (4.4) 


for n = 1-5. By studying the equilibrium reaction (4.4), 
the enthalpy changes AH ten can be determined and re- 
lated to the structure of the cluster ions. 

Although many investigations have been conducted on 
ion-molecule reactions in methane, ion-molecule reactions 
in ethane and he higher alkanes are not so well documented. 


The basicity or proton affinity of a compound M, is 


the exothermicity of reaction (4.5). 


Ye he YD (4.5) 


The proton affinity of ethane was first measured by Munson, 
Franklin and Field (122). After exeriments with pure ethane 
they postulated that the protonated ethane ion eee was 
formed from the excited parent ion by reaction (4.6). The 


) (candy + He —— C,H, + CoH, (4.6) 


AWE (CH) calculated from this mechanism was <229 kcal/mol, 


which gave a value for PA(C,H¢) > 120 kcal/mol. 
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In 1965 Munson and Field (38) studied the ion-mole- 
cule reactions in a mixture of methane containing 1% 
ethane. They observed a simple proton transfer between 


methane and ethane by reaction (4.7). Since the reaction 


+ + 
CH, Pen CoH, + CH, aXe] ) 


is observed it is exothermic and therefore the proton 
affinity of ethane is greater than the proton affinity 
of methane. From these experiments they estimated 
PA(C,He) > 120 kcal/mol which agreed with their previous 
work (122). 

Chong and Franklin (120) have also measured the 
proton affinity difference between methane and ethane by 
studying the equilibrium for the forward and reverse 
steps of reaction (4.7).. They calculated KG? to ibe 2h. 09: 
kcal/mol. Assuming that the entropy change was zero, they 
proposed that the proton affinity difference between 
ethane and methane is ~1 kcal/mol. When combined with 
PA(C,He) = 127 kcal/mol, Franklin's result leads to 
PA(C,H,) = 128 kcal/mol. 

In 1973 Bohme et al (124) published results for 
the proton affinity of ethane which disagreed substanti- 
ally with the previous measurements of Franklin (123). 
Bohme used the flowing afterglow technique (125) to de- 


termine the preferred direction of proton transfer re- 


actions of the type 
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CH 6S Wie Sea Via its X (4.8) 


by measuring the forward rate constant, ke and the reverse 
rate constant, k If reaction (4.8) occurs preferentially 
in the direction left to right then ke/k > J andvPALY Jy) > 
PA(X). By keeping X constant and using different compounds 
Y whose proton affinity is known, it becomes possible to 
bracket PA(X) within a narrow range of possible values. 

For example, Bohme studied reactions (4.9-4.11) and found 
that proton transfer occurs preferentially in the direction 


in which they are written. 


+ + 
NOH + Oh eA 4 N,0 (4.9) 
perlite paecata Dorks anc ety (4.10) 
26<— Re | 
+ + 
—> Rear] 
CoH + ChH tee CoH, + CoHe ( ) 


Therefore the proton affinity of CoHe is greater than that 


of N,0 and CO but less than the proton affinity of CoH, 


Since Bohme had previously established (126) that PA(N,0) 


134 kcal/mol and PA(CO) = 138 kcal/mol, the lower limit 


of PA(C,H;) is 138 kcal/mol, almost 10 kcal/mol greater 
+ 
than Chong and Franklin's value (123). CoHL was observed 
to transfer a proton to CoH, preferentially, therefore, 
< d PA(C.H = | 
PA(C,He) PA(C,H,). Bohme calculate ( 2 4) 59 
kcal/mol from thermochemical data (127). Therefore the 


proton affinity of ethane can be narrowed down to the 


: ee 


(9.8) 
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95. 
proton affinity of ethane can be narrowed down to the range 
138 < PA(C,H,) < 159. A difference of 10 kcal/mol in the 
proton affinity measurement between Bohme's and Chong 
and Franklin's value implies that Franklin's equilibrium 
constant was in error by a factor of at least 10° 

Bohme's range of values for PA(CH;) was substanti- 
ated by theoretical calculations by Lathan, Hehre and 
Pople (128), whose estimate of PA(C,H,) was 140 kcal/mol. 

In view of the vast disparity between Bohme's and 
Chong and Franklin's value of the proton affinity of eth- 
ane, an independent atapiatich of the equilibrium reaction 
G4 By): .was necessary in order to ascertain the proton af- 
finity difference between ethane and methane. If the proton 
affinity difference between the two compounds is of the 
order of 10 kcal/mol, the measurement of the equilibrium 
arioiedit for reaction (4.7) would be very difficult ex- 
perimentally. The measurement would only be possible in 
methane containing traces of ethane. The investigation 
of ion-molecule reactions and their temperature dependences 
under such concentration conditions proved quite rewarding 
since the system proved to be a lot more complicated than 
was originally expected and several interesting processes 
were found which will be described separately in the fol- 


lowing sections of this chapter. 


4.2 Experimental 


The apparatus used in the experiments shown in this 
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chapter is described in chapter 2. The methane used in 
this project was of Ultra High Purity grade. The quoted 
impurity concentration of ethane in the methane gas supply 
was 27 ppm or a ratio of CH, :C,He = 37,000:1, thus amounts 
of ethane injected into the bulb to give higher ratios 
would be insignificant compared to the impurity already 
present. However, the methane gas was passed through a 
molecular sieve before entering the gas handling plant. In 
order to examine the effectiveness of the sieve in remov- 
ing the ethane impurity, an experiment was conducted with 
pure methane after being passed through the molecular 


sieve. manly could not be detected. The ion profiles 


are shown in Figure 4.1. CoHL is absent and the disappear- 
+ + 
ance of CH, is accompanied by an increase in H0 at the 
: A 4 5 
Same rate due to a water impurity. Since no CoH was 


observed, the molecular sieve must remove residual ethane 
from the gas supply and the mixutres made with very smal] 


amounts of ethane will be accurate. 


h. 3 Results and Discussion : Major Reactions in the 
-Methane/Ethane System 


The measured ion intensities of 50 experiments were 
normalized. The ion source pressure was varied between |] 
and 3.5 torr, but most experiments were conducted at about 
2.5 torr. The ethane partial pressures in the ion source 
were varied from 0.07 to 5 mtorr. The temperature range 


was. 30.50 210 +7228. 


Since the major component in all experiments was 
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98. 
methane, the primary ions produced by electron impact were 


almost exclusively due to methane. The primary ions 


observed were CH i and cH which were present in the 


3 


expected ratio of 5:4. In all experiments the first 

10 usec channel was not used in any calculations because 
the electron pulse was still on and ions were still being 
created. Figure 4.2 shows the observed concentration 


changes of the major ions at short reaction times at 30°C. 
+ + 
cn, and CH, react very rapidly with methane in the 


well-known reactions (4.12) and (4.13). 


a 
e 2 
cH, + CH, ——— CoH + ue (4.12) 


ae i Dat 
CH, + CH, ——® CH, + CH, wy 2 


As CH i and cH decrease in intensity with time, there 


3 


+ + F 
is a simultaneous increase in CH and CoH, showing that 


5 


CH ¥ 7 are the precursors of these ions. Under 


4 3 


+ + 
all conditions used in these experiments cn and CH, 


and CH 


disappeared within 40 usec and will be omitted from sub- 
sequent diagrams. 

The ion intensity profiles for 29 experiments are 
shown in Figures 4.3 to 4.31. The symbols indicate the 
normalized experimental points and the same symbols re- 
present the same ion in each diagram. The solid lines 


— 


are the best fits calculated by an analog computer., The 


analog computer analysis is described in section 4.9. The 
major products at long reaction times are represented 
by one curve. Figures 4.3 to 4.7 show experiments con- 


ducted at room temperature and illustrate the effect of 
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0D Mieeonnee aa, 80 50. 68. 70 
time (us) 


FIGURE 4.2 Normalized Intensities of Major lons at Short Reaction 
Times. Poh, S203) COC, beste = 0.05 mtorr. T = 30°C. 
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FIGURE 4.25. Time Dependence of Normalized Intensities. 


PCH, = 2.5 torr, nea = 10 mtorr. CH, CoH = 


250:1. T = 209°C. Symbols as in Figure 4.3. 
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CH” and cH disappear too ranidly to be fitted. 
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gradually decreasing the ethane concentration from a 

CH, :C He ratio of 500:1 to 500,000:1. Figure 4.9 to 4.14 
were performed at 86°C and the ethane concentration is de- 
Creased.from 500:!1 to 50,000:!1. Figures 4.15 to! 4.21 

show experiments at 110°C, Figures 4.22 to 4.24 at 156°C 
and Figures 4.25 and 4.26 at 210°C. A series of experi- 
ments were conducted at a constant high ethane concentra=- 
tion of 50:1 at gradually increasing temperatures. These 
experiments are shown in Figures 4.27 to 4.31. 


The cH.” produced by reaction (4.13) rapidly transfers 


a proton to ethane forming CoH by reaction (4.7). Fig- 


7 


4 + P 
ure 4.5 shows the intensity of CH decreasing slowly 


5 


: 1 — pHs + CH, (4.7) 


accompanied by a simultaneous increase in the intensity 


+ 
of CoH 5 


+ . 
In the experiments at 30°C the a disappears very 
slowly (Figures 4.3 to 4.6) at all concentrations of 
ethane but disappears more rapidly as the temperature is 


increased. Figure 4.9 illustrates that the decay of 


+ 


+ 
C is followed closely by the decay of CoH, : CoH, 


+ 
245 
7 
is therefore dissociating to give CoH, . Reaction (4.14) 


+ + 
CoH, ——> C,H, + H, (4.14) 


has previously been reported in mixtures of methane and 
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ethane (38,123,129). 


+ 
The CoH. formed from reactions (4.12) and (4.14) 


reacts with ethane by reaction (4.15) but there are several 


+,% + 
C.H + H 
24. CoN ae LO ae ee Cn +H, 
+ 
——> 0H + CH 
37 4 
M + 
ar cal 
(4.15) 
+,% . <save 
products. The intermediate [C,H y ] ion may be stabilized 
by collision with a third body and was observed in these 
experiments as a minor product (for example see Figure 
4.27), but only when the ethane concentration was high. 
ahs : 
7 intensity was usually 


4 
about 2-3%0f the total ionization. C,H has also been 


observed in pure ethane (130,131) and in mixtures of 


At long reaction times the cH 


methane and ethane (131,132) . The formation of 
ce. and C,H” will be discussed in detail later. 

Other minor products observed were or” and CHa 
At long reaction times cH was normally less than 5% of 
the total ionization. ope was only observed when the 
concentration of ethane was large. 


Table IV includes the major reactions observed in 


the methane/ethane system. 


; . + 
44 Kinetics of the Reaction CH, + CoHe —> CoH + CH, 


= a 


The temporal profiles of the ion intensities shown 
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TABLE IV 


Summary of Reactions in Mixtures of Ethane and Methane 


CH,” + CH, —> ante oat Bea daly 

CH, + Ch ae + cH, Os) 

(1) cue + C)He me CoH (4.7) 

(2) Goce —_> pice ht (4.14) 
(3) CoHE LL es eral }"—wc Hy” +H, 
pC ,H)” + CH, 

Pout 4 45) 

(4) Epler OH ——» C,H," + Hy (4.31) 
(5) ie + C,H, ——® [C,H)) }"—e 0H +CH3 


(4.56) 
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in Figures 4.3 to 4.31 show that at high ethane concentra- 


‘ Tet, ; ; : 
tion CH disappears very rapidly accompanied by an in- 


5 
_ 
crease in CoH ‘ As the ethane concentration is decreased 
P + 
the lifetime of CH becomes longer. The forward rate 


5 


constant, k, can be calculated for reaction (4.7) 


k 


He Be ce Hy fp cH, (4.7) 


Cia 
CH if 2"7 


5 Co 


The forward rate constant for the general reaction 


I + A ————Be products (4.16) 


sil bid Bi ~k {071 [A] (4.17) 


where fe is the intensity of ee at time t. Since the 
concentration of ions is mgeh less than the concentration 
of the neutrals, i.e. Crees hAl: the concentration of the 
neutrals can be considered as constant. Reaction (4.16) 
is therefore pseudo-first order and can be described by 


a pseudo-first order rate constant, Ve» where 
Ve = kelAl (4.18) 


Therefore 


AD De -v, [17] (4.19) 
dt 


After rearrangement and integration 
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+ 
In a! = -vet (4.20) 
Page 
+ ; A ry + 
where [I ], is the concentration of I at time t = 0. It 


is assumed that the measured intensity is proportional to 
the concentration of ions in the ion source. Therefore 
the logarithm of the normalized intensity of in plotted 
versus time gives a straight line whose slope is equal 


to “V_/2.303 or 


a2 gg tog (15/1, )) 
ve = (4.21) 


2 ] 
where I, is the intensity of the reactant ion at time t 


and I, is the intensity of the reactant ion at time to: 


This method of calculating rate constants can only be 


1 


> ¢ 
used when the precursor of I has disappeared completely 
r : 
so that I is not being produced from the previous re- 
action. 


The plots of log I + versus time are shown in 


CH 
Figures 4.32 to 4.37 and see eu cee that as the ethane 
concentration is increased the rate of decay of CH,” be- 
comes faster. The pseudo-first order rate constants were 
calculated from the slopes of the semilogarithmic plots 
using equation (4.21). A plot of v, © measured at 


various ethane concentrations is shown’ in Figure 4.38. 


The plot shows a_ linear dependence and therefore 
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FIGURE 4.32. Logarithmic Plots of the Decay of CH, at 30°C. 
CH, :C He ,@ 5600:1, A 20,000:1, © 20,000:1, 


v 100,000:1,(1 100,000:1, @200,000:1, & 500,000:1. 
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FIGURE 4.33. Logarithmic Plots of the Decay of cH,” at- 86°C. 


CH,:CHe V 500:1, W 1000:1, 4 2500:1,0 5000:1, 


@ 10,000:1,@10,000:1, © 20,000:1, ()50,000:1,9§20,000:1. 
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FIGURE 4.34. Logarithmic Plots of the Decay of CH,” at 106°C. 


CH),:CoHp , A 1000:1, @1700:1, M900:1, C) 5000:1, 
012,000:1, 4800:1, 7 10,000:1. 
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FIGURE 4.35. Logarithmic Plots of the Decay of CH ‘ at 156°C, 
CH,:CAHe, © 500:1, @ 1000:1, A2500:}. 
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reaction (4.7) is second order and the rate constant for 
this reaction is given by 


‘a 
k, = (4.22) 


The rate constants for reaction (4.7) were not cal- 


: ans Ki s 
culated at high ethane concentration because eke disappear- 


ed within 40 usec and therefore the decay of CH i was too 


5 
fast to obtain a meaningful rate constant from the slope. 
Table V summarizes the rate constants calculated under dif- 
ferent concentration and temperature conditions. The rate 
constant k, for reaction (4.7) does not appear to be 
affected by temperature within the error limits of the 
determination of ki: Over the temperature range studied, 
the average value of k, was 1.64+0.4x10 Lae morecrt eae oh 
MunSoA and Field (38) estimated the rate constant k, to be=- 
oe ae 


about 6 x 102 eae molecule s at 210°C.“ BlatriHestin 


and Harrison (129) have measured the rate constant for the 
deuteron transfer in the similar reaction (4.23) to be 


9 3 =] 


Beitis 16% cm Pee ealelk s A These reported rate 


r | 
CD + C He — CHD + CD, (4.23) 


constants are in good agreement with the present work. 
Not many experiments have been reported where the 
proton transfer rate constants have been measured at dif- 


ferent temperatures. The Langevin theory (15) predicts 
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TABLE V 


Summary of Rate Constants Obtained for the Reaction 


+ Pe + 
CH, FC Ue CoH, + CH, 

[CH, ] i 

4 ky x 102 cate molecule | sec 
[co H6] Boece "Boccemay je LO6Se 156°C mumanoge 
250 1.1 1.5 
500 10. POLS eo atte 1.4 ae 
900 V233)€2) 
1000 1.3 Heez2 1.2 
1250 1.6 
1650 1.8 
2500 127 fs 
5000 1.8 1.5 
10,000 1.3(2) 
12,000 . 
20,000 1.7(3) 
50,000 Vay he 
100,000 262 
No. of 
experiments 3 1] ] 10 2 3 
2501S Mai 7 ak SN INCOR TO. i BR ha DoS Raa Fh dbs BO 
a. Number in brackets refers to number of experiments 


conducted at these conditions if greater than 1. 
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that there is no activation energy and hence to tempera- 
ture dependence for ion-molecule reactions. Bohme (54) 


has reported that the rate constant for reaction (4.24) 


is independent of temperature. However, Pierce and Porter 


NOH” Fy, 2 a eee N,0 (4.24) 


(133) have reported a proton transfer reaction (4.25) 


where the rate constant depends on re. 
CH Di + CH pun? CH ot CHD (4.25) 
h h 5 3 
i | abr humiCh ewer cen c.H.* + CH, 
> The Equilibrium 5 ial a Le 7 h 


The kinetics of Honea (4.7) were relatively 
simple to calculate, but the measurement and calculation 
of the equilibrium Cone coaane rewauch more difficult. — 
The ion profiles for a series of experiments at one tem- 
perature, e.g. Figures 4.3 to 4.7, show that CH," disappears: 


e e + e © ; 
very rapidly to give C when the ethane concentration is 


a7 
high. As the ratio of methane to ethane is increased, 


CH ¥' decays more slowly. However, even at the highest 


5 
diitut ton unat thos tof [CH,]:[C,H¢] = 500,000:1, proton 


transfer from ota” tos He i's’ stilbhtoceurring*over the 


5 2 
total period of observation. These ions do not reach 
equilibrium even at long reaction times. The analog com- 


puter fits discussed in Section 4.9 show that for most of 


} | j f a « se i b s - 
iM ' . § ry ii% ft hy ¢ 5 Q a A v4 17K DS 7 a 


5 aa! 


; * j 
HA) re hey Gy 9 ae 
| : 2nchi sGke dr as os in" 1 96). S20 SRS ges 


ok vr 7a 
; | ewe Lol é 
a a? “ 3 ta 
r LO : i 
ia : y . ine ve . * 
ai RATIAI Iason BAe heed se, 
: Vy 4 j a a (a Py) ; 
iv = } 1 * 


‘ is Ai ae i 
taees ioe 84. eneeato vw 


it i 
ywode. 
f ay a 


2°38) asya. 9" 


| we 
Sv eae y) 7 hu ae 
iG 
§ ii i mh D's : I * ie : ata 
mpasen | dan Oks eAbis seat) 4 
Sn A i a ee ; 
7 f : ee | : ‘ | : 
; ‘ps Ade Sat > Seine 
‘ , x) mn / 
” uP ‘a 2 : 


~~ 


; Pee pee te ; 
ie ahaa ot en” i) 


, 


a 
eee | ae 

it ay i oO ' fe TT) OL Mer 4) ; 

eon voF Pee Woke Qe eras 

it a | ae aay) A aes } a 

a4 : ny de ; Ag 7 A, : : 


i a i, ; 


144, 
the experiments a very slow forward reaction was suf- 
Ficient to describe the disappearance of chee and that 


the reverse reaction was negligible. 


Since equilibrium could not be achieved in reaction 
(4.7), several methods were employed to obtain estimates 
of the equilibrium constant. The equilibrium constant 


K, for reaction (4.7) may be expressed by equation (4.26). 


+ + 
CH, + CoH, ioe CH, + CH, (4.7) 
acgtig ACH, 
K = (4.26) 
Bw i4P 
Gite CoH, 
where I + and I + are the intensities of the ftons 
CoH, CH, 
at equilibrium. Since I +/T.,, + did not reach a con- 
Peaks CH, 


stant value, the ratio of the two ions was taken when 
CH, was just approaching zero or at the longest reaction 
time, which was 1800 us. The equilibrium constants are 
shown in Table VI for six experiments at low ethane con- 
centrations. The average value of K was 1.5 x 10°. 
This value for the equilibrium constant represents a 
lower limit since equilibrium is not yet achieved. The 


average value of K found by Chong and Franklin (123) 


was 4.9 at 67°C which corresponds to K om Oh iait ns O woe 
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TABLE VI 
Calculated Equilibrium Constants at 30°C 
[cH, ] ; 
: 3 
6 
5000 1.8 x 10 - 
6 5 
20,000 4.8 x 10 6.9 x 10 
20,000 3.3 x 10° | ho x 10° 
100,000 5.8 x 10° 2.8 x 10° 
200,000 1.00" x 10° 1.6 x 10° 
500,000 f 2.5 x 10° 7.7 x 10° 
Average ro x 10° 6.4 x 10° 
a 
-A@(kcalmol) 8.7 + 1] . 8.1 +1 


a Standard deviation 
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assuming AS z~ 0. Therefore the lower limit of K from 


the present work is six orders of magnitude greater than 


Franklin's value! 


From equation (4.27), AGy = -8.7 +1 keal/molg siting 
A | 
AG) = -RT Ink, (4.27) 
the average K, at 30°C. Assuming AS° x 0, AH® = -8.7 


] l 
kcal/mol and thus the lower limit of the proton affinity 


difference between methane and ethane is 8.7 kcal/mol. 
The second method that may be used to calculate 
the equilibrium constant utilizes the measurement of the 


forward and reverse rate constants of reaction (4.7). 


+ ] + “s 
CH, $ CoHe — CoH, + CH, (4.7) 
=] 
since 
a 


The rate constant ky was calculated from the semilogarith- 
mic plots shown in Figures 4.32 to 4.37. If reaction (4.7) 
is reversible, the rate of the reverse reaction only be- 


comes apparent at long reaction times when the product ion 


has grown appreciably. The reverse reaction can be detected by 
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a non-linearity at long reaction times in the semilogar- 


ithmic plots as the apparent forward rate decreases due 


to the reverse reaction. For the general first order re- 


action (4.29) 


re 
:* Bl P (4.29) 
Vel 
the rate equation is 
+ g, 
HE on ee ae es iu (4.30). 
dt 


The solution of equation (4.30) is 


Talon Te Wyma? a0 


-v ,)t + constant (4.31) 
é ] -] 


where a is the intensity of the reactant ion at time t 
+ oKahe é 
and is is the intensity of I at equilibrium. Therefore 
+ + : : ; ; 
a plot of In(I - ae ) versus time yields a straight line 
of slope -(v, + v_,)- Figure 4.39 shows such plots for 


the decay of CH * for five experiments at 30°C. The blank 


5 
symbols represent the original normalized data points and 
the deviation from the straight line can be seen at long 


reaction times. The values of vy for each experiment were 


calculated from the initial slope in Figure 4.32 before 


the reverse reaction could cause deviation from the straight 


Line.t 7A value of Ue was then chosen and subtracted from the 
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original data such that a straight line fitted ali the 
solid points. The recalculated slope gave gis + Vi)» 


From which v_, and thus Ky could be calculated. The equil- 


ibrium constants Ky! Found by this method are listed in 
Table VI. The resultant lower limit of the proton affinity 
difference using this method was oad po Al kcal/mol. The two 
estimates of K therefore agree within their error limits. 

The equilibrium constant of exothermic reactions de- 
creases with increase in temperature, therefore studies at 
higher temperatures would seem feasible to obtain more ac- 
curate estimates of Ky since the CH,:C He ratio could be 
lowered. However, as will be shown later, CoBe siowly 
disappears by thermal decomposition thus disturbing the 
equilibrium. 


- 
4.6 The Kinetics of the Reactions of CoH, 


The GsHes ion is initially produced by the fast 


reaction (4.12), which is well known. Figure 4.13 shows 


ae + ! 
+ +. 12 
SMiy Wee a eres eal py Ho ( ) 


the rapid formation of canes whose intensity reaches a 
maximum by 30 Usec. The intensity of oe then starts to 
decay but after 60 usec it increases again to reach a 
second maximum. This can only be explained by the produc- 
tton of. °C. H ii by a slow reaction. Figure 4.15 shows that 
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+ 
CoH must therefore be the precursor of CoH,” via reaction 
(4.14). The double maximum of the CoH. intensity was at 

+ + 
CoH, oe CoH, + Ho (4.14) 


first thought to be an artifact of the normalization pro- 
cedure but it was reproduced by Ene oan ote fit and can 
be explained by the occurrence of reactions (4.12) and 
(4.14). 

If experiments at one temperature are examined, 
Figures 4.8 to 4.14 at 86°C, for example, it may be seen 
that as the ethane concentration is changed, the relative 
intensities of C,H” and coi also change. At oe 
ethane concentrations, e.g. (CH, ]: [C,H] = 50:1, C,H” 
is much more abundant at long reaction times than ae 
However, as the ethane concentration is lowered the amount 
of Cyt decreases and ee increases, until at the lowest 
ethane concentrations cate is much larger than cto The 


change is illustrated in Table Vii, where the intensity 


ratio CAH, /CyHy) changes by a factor of 30 as the pressure 


of ethane varies by a factor of 100. The dependence of 

. + + 
the relative intensities of C3H, and Cat on the ethane 
concentration was also observed by Bennett et al (131) in 


mixtures of methane and ethane. These workers also found 


+ 
that C.H was more abundant than CHa at low ethane 
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concentrations. 
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TABLE VII 
Re laitinneutlin ten siitd PACE etendp cee 86°C 
elative ntensities o 3 7 an h g “5 
[CH,J/iC,H¢] 2 + at 1800 usec 
C_H 
Suny. 
500:1 0.4 
1000:1 0.9 
2500:1 5 ay 
5000:1 3.8 
10,900:1 8.4 
20,000:1 12.6 
50,000:! 12.1 
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+ & 
if CoH, reacts only via the intermediate EC Hee} 


then it would be expected that the ratio I LO 
C. He cere 
3i/ 4 9 
would remain approximately the same, independent of the 
ethane concentration used, since the lifetime of the inter- 
mediate would depend on the total pressure in the ion 


source. 


The gradual change in the relative abundance of 
a i 


9 


C.H with methane to give aie: 'f reaction (4.31) is 


CH i and C,H can be explained by a slow reaction of 


k 
+ 4 + 
CoH, + CH, ——e CH, + H, (4.31) 


very slow then it will only be observed at low ethane con- 
centrations when reaction (4.15) is negligible. Recently 
the occurrence of the slow reaction (4.31) was observed in 
pure methane in our laboratory by Hiraoka and Kebarle (134). 
The present observation is therefore a confirmation of this 
finding. The occurrence of reaction (4.31) was not proven 
conclusively until Hiteiaeans report even though ion-mole- 
cule reactions in pure methane have been studied extensively. 
+ 
Field and Munson (37) have estimated that CoH, does not 
react with methane within 50 to 100 collisions, which was 
unexpected because reaction (4.31) is exothermic by 9 kcal/ 
mol. Previous work in this laboratory set a lower limit 
sake iS bor teten: Releculer Ai (132). The late discovery 


of reaction (4.31) can be understood when one considers that 
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most exothermic ion-molecule reactions, whose rates have 
been measured, proceed with rate constants close to those 
predicted by the Langevin-Stevenson-Gioumousis equation 
(16) or the ADO theory (89) where polar molecules are in- 


9 3 


volved. These rate constants are approximately 10 7 cm 

= = : 
molecule s . The early apparatus used to measure ion- 
molecule reaction rate constants was of such design that 


oo 1 


only the fast reactions (k = 10 ene molecule. a) could 
be measured and slower reactions were difficult to observe 
with this apparatus. 


The disappearance of C.H ‘ is therefore described 


25 
by the two reactions 
eens C.H pee RH afc Selec ME (4.15) 
Las G26 UN ait eel 

k 

+ h + 
, 31 
CoH + CH, ——— C,H) + Hy (4.31) 


The pseudo-first order rate constant vey for the overall 


disappearance of C by reactions (4.15) and (4.31) is 


+ 
a's 
given by equation (4.32). 


a L 
Ven Katte + k, (CH, ] (4.32) 


Ce, can be obtained from the plots of log ar : , Mersus 
5 


time shown in Figure 4.40 for different ethane“ concentra- 


tions at 86°C. Dividing equation (4.32) by [C,H] gives 
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FIGURE 4.40. Logarithmic Plots of the Decay of Ba at 186°C 


Gotta V7 500:1,41000:1, A 2500:1,@ 20,000:i, 
0, 000: 1-1) 20, 00071. 


ae 


Sa] 


; pure aie Lede ° "ial iw noeope 


ae 


“ 
a 


aoe se ‘py? to wat Me we 
asa ie nad NsOURE pits. BD idsins 


‘a i OG ; 


155. 


[CH 
ks = k3 ob red (53 35) 
[C He] [C6] 


Therefore a plot of vif Head versus [cH /[C He] should 
give a straight line with a slope equal to Ky and a y-inter- 


cept equal to k3- The results obtained from Figure 4.41 lead 


to ky, & 1 x 10/4 ane molecules a which is in fair agree- 
ment with Hiraoka's value for ky, = 1.6 x 10° 4 em> noecuiann 
a | (134) at the same temperature in pure methane. Results 


at 86°C were used because reaction (4.31) has a positive 
temperature coefficient and is therefore faster and more 
“noticeable (134). The intercept in Figure 4.41 passes close 
to the origin, where there is considerable scatter, which 
makes the plot unsuitable to determine k3 accurately. How- 


ever, the plot gives an estimate of K3 ~ | x Tome ene 


molecule | sof 
The calculation of k3 and Ky is also complicated by 


the temperature dependent decomposition reaction (4.14). 


The rate of reaction (4.14) is negligible at room tempera- 
Cer fe CMe eItH, (4.14) 


Piha 
ture but becomes significant at 86°C. Thus CoH, is pro- 
duced by reaction (4.14) while it disappears by reactions 
(4.15) and (4.31). Thus the apparent rate of disappearance 


peUCLH. 61s) elowed by the occurrence of reaction (4.14). 
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To determine k3 more accurately an experiment was 
conducted at 30°C so that reaction (4.14) was negligible. 
The lowest methane to ethane ratio used was 50:1. Under 
these conditions less than 1% of the primary ions would 
arise from ethane since the ionization cross-section of 
ethane is twice that of methane (106). At high ethane 
concentrations the reaction of CoH” with CH). in reaction 
(4.31), would also be negligible and the disappearance of 
Aes would be due solely to peaceion with ethane by (4.15). 
The experiment was repeated twice at 30°C, one of which 

. k 


3 + + 
CoH, + CoH, —-_ > cH, and CyHy eee 


is shown in Figure 4.27. Figure 4.42 shows the semilog- 
arithmic plots of the two experiments at 30°C. Included 
also are two experiments under the same concentration con- 
ditions but at higher temperatures and demonstrate the 
interference of the temperature dependent dissociation 


+ + 
i : te constant, k was 
reaction of CoH to CoH, The rate 3 


calculated from the slopes of the semilogarithmic plots 


-1 ee alt | 
and gave k. = 5.2 and)5.3 x 10 We che molecule S at 


3 


304°K. This is in close agreement with a value of k, = 


S21 + Ix 10° |! Bane ae hoe Ss reported by Bohme et al 


= 


(135)i. Blair, Heslin and Harrison (129) have reported 


the rate constant for the reaction 


7s 
+ 
“AUP asa Lar ica acti Maki CoH, (4.34) 
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FIGURE 4.42. Logarithmic Plots of the Decay of CoH. at 
[CH,]:[C He] = 50:1, @ 32°C, O 30°C, O 71°C, Diasec. 
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-10 


to be 2.8 x 10 Reaction 4.34 is, however, a hydride 


transfer reaction. Harrison (136) estimates that only 15% 


of the disappearance is due to the adduct ion, C Hed: 
COM 46H CoH, Dew ——peorod (4.35) 
oe 26 wee hy 6 ys products 3 

Harrison estimates this rate constant to be 4.2 x rot! ae 


olecule cial which agrees with the rate constant measured 


in this work. Field has measured k3 in several different 
projects. He reported the values of k “i 


=) 


to be § x 10 


3 
al 3 


at 410°K (131), 6 x 10 at J463°K. (38), 5 x i110 cm 


molecule an at “463° KCl2Z2)us The rate constant, k3> obtain- 


ed in this work is consistent with the reported values. 


+ 


4.7 The Pyrolysis of CoH, 
Inspection of the ion intensity profiles in Figures 
4.27 to 4.31, where the ethane concentration is kept con- 
stant and the temperature is gradually increased, illustrates 
the temperature dependence of the rate of disappearance of 


A ats 
Cc The rapid change of behaviour of CoH, with tem- 


+ 
24, : 
perature is illustrated in Figure 4.43 which is a perspec- 

+ : 
tive plot of the intensity of CoH, as a function of tem- 
perature and reaction time. The experiments shown in the 


perspective plot were all conducted at high ethane con- 


+ 
centration where [cH,]:[C,H¢] = 50:1 and the precursor cH, 
. ° - ° ° 
decays to zero by 30 Usec. At 32 C CoH, is very long lived 


: + 
and since the CH e disappears very rapidly, CoH, must be 
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reacting very slowly. As the temperature is gradually in- 


creased the disappearance of C becomes more rapid. 


ae 
giz 


A ; ¢ + 
The increase in the rate of disappearance of C 


gt, 
with temperature is indicative of an endothermic ion mole- 
cule reaction. 

The pseudo-first order rate constants Vo for reaction 


(4.14) were calculated from the slopes of the plots of 


log I + versus time shown in Figures 4.44 to 4.52. These 


CoH, 
Figures show the effect of changing the ethane concentration 
whilst staying at one temperature on each graph whereas in 
the last two figures the ethane concentration is kept constant. 
and the temperature is varied. At constant temperature, the 
slope does not vary very much with ethane concentration but 
at constant ethane Concentration the slope varies drastic@- 
ally with temperature. To investigate the dependence of 
the rate of reaction of Cian on methane pressure, the ratio 
of methane to ethane was kept constant but the total ion 
source pressure was varied (Figure 4.53). Unfortunately 
the pressure of CH, could not be varied over a wide enough 
pressure range to reach a definite conclusion. It was 
assumed that mati depended on a collision to initiate 


thermal activation and reaction (4.14) should be written 


k + 
C,H” + CH, p< Eg Cole’ + Hy + CH, (4.36) 


Therefore, 
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FIGURE 4.44. Logarithmic Plots of the Decay of C,H, at 30°C. 
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FIGURE 4.45. Logarithmic Plots of Decay of CoHA at 86°C. 
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2h, at 86°C. 


[CH]: [C He] = £ 5000:1, © 2500:1, O) 10,000:1. 
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FIGURE 4.48. Logarithmic Plots of the Decay of CoH at 106°C. 
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FIGURE 4.49. Logarithmic Plots of the Decay of C,H 


at ° 
2H at 156°C: 


CH) :C H, = @500:1, © 1000:1, A 2500:!. 
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FIGURE 4.50. Logarithmic Plots of the Decay of Coto at 210°C. 
[CH,]:[C He] = @ 250:1, O 500:1. 
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FIGURE 4.53. Logarithmic Plots of the Decay of CoH, at 86°C with Varying 
Methane Pressure. © 2.3 torr CH,» 0.12 mtorr CiH,, @ 1.0 


torr CH, 0.05 mtorr C,He, A 3.2 torr CH,, 0.16 mtorr CoHe. 
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ki = | (4.37) 
2s 
[CH,] 
A plot of vo/{[CH,] plotted versus [C,H] in Figure 4.54 
shows that k, is independent of ethane concentration. The 


rate constants, k at various temperatures are summarized 


2s 
in Table VIII. The temperature range of the experiments is 
only 180° but the rate constant changes by a factor of al- 


most 1000. A form of the Arrhenius equation is 


log k (4.38) 


2s log A 


oe 
2.303RT 
Figure 4.55 shows a plot of log kos versus’ 1/12) the 
ectlvation energy, ES may be calculated from the slope of 
the Arrhenius arete E, was found to be 10.5 + 0.3 keal/ 
mol. The value of A obtained from the intercept was 
Ss xX 10°8 ak wolecniar an The pre-exponential factor 
is almost foncand is therefore much larger than the normal 
Langevin rate constant for ion-molecule collisions, whose 
magnitude is about 107? ane @otecilen ane Large pre- 
exponential factors have been found for other bimolecular 


thermal activation reactions. For example the temperature 


dependence for reaction (4.39) led to a pre-exponential 


+ Ke hh. 
H, 1H, et eae (4.39) 


factor of 9 x 107° (137) which is even larger than the 
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[cpHs] x 10°” 


FIGURE 4.54. Plot of vo/ ICH, ] versus Ethane Pressure at 86°C. 
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value obtained for reaction (4.36). The pre-exponential 
factor A, can be equated with the bimolecular collision 


rate (138) using simple collision theory. 


2 
(o.r+ 0. FN 
AOL A B TRT (4.40) 
1000 Vou 


where op, and O, are the collision diameters of A and B in 

a bimolecular reaction between the two molecules, N is 
Avogadro's number and , is the molar reduced mass of A and 
B. Simple collision theory neglects any steric factors, 
which may be introduced if two colliding molecules have to 
be in a suitable orientation. Another difficulty arises 
because collision theory assumes that only 2 degrees of 
freedom can contribute the energy that is used in surmount=- 
ing the activated complex energy barrier. Hinshelwood (139) 
first suggested that there is no reason to ignore energy 
contributions from their internal degrees of freedom. If 
energy from rotational and vibrational degrees of freedom 
contribute to the energy of activation then a larger 
fraction of the collisions will be effective and the pre- 


exponential factor is larger than the bimolecular collision 


rate. 


4.8 Thermochemical Calculations 


According to theoretical calculations by Lathan, 


Hehre and Pople (128,140) using STO-3G Molecular Orbital 
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basis and others (141) the most stable structure of CH i is 


2, 


the two-electron three centre bonded species I which has C. 


Symmetry. Two stable isomers of C.H + have been predicted 


Zovy 
H + H y+ 
\ + 
phere | cH 
a | CH CH ; 
4 3 3 


ie: II IIL 


by ab initio calculations by Lathan et al (128,140). These 
workers calculated that the C-C protonated structure, II 
is about 1] kcal/mol more stable than the C-H protonated 
structure III. However, recent results obtained by Bischof 
and Dewar (142) using a simpler semi-empirical method, 
MINDO/3 yielded the opposite result: that structure III 
is more stable than II by 15 kcal/mol although the geometry 
and the dimensions of the two structures agreed closely with 
Biase of Pople. Recent experiments in our laboratory have 
indicated that structure II is the more stable (143). 

The dehydrogenation of ae in reaction (4.14) can 
therefore be visualized as a rearrangement from II to III 


H 
followed by a dissociation of the c—<, bond. Since 


H “a t 


ele Co He meen (4.41) 
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structure III has been calculated as 11 kcal/mol less stable, 
then the activation energy measured in this work, 10.5 kcal/ 
mol appears of the right magnitude if the dissociation of 
EL [to pelle and Ho is thermoneutral. The energy diagram 
that can be envisaged for the reaction scheme (4.41) is shown 


in Figure 4.56. 


If it is assumed that the reverse of reaction (4.14) 


proceeds without any activation energy then ae Au_, = 10.5 
a ae ee (4.42) 
25 2 ey : 
kcal/mol. Since AH, (H,) = and. AH, (CH 5 Sy = 219 kcal/mol 
. j e + 
NUS AH, (CHL *)- AHe (CoH, ) - AH (Hy) (4.43) 


(127) then AH, (C,H) from equation (4.43) equals 208.5 


kcal/mol. The proton affinity of CoHe is given by 


oon (1 ka ea Tpit at epie AH = ~PA(C He) (4.44) 


therefore the proton affinity of CAHe predicted by the 
activation energy ES is: 


AHg(CaHe) + Ag (H)-OHe (CoHD”) 


PA(C, He) 
= -20.2 + 366 - 208.5 (4.45) 
= 137.3 kcal/mol 


This value is close to PA(C,He) 139 + 2 kcal/mol deduced 
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approximately 


E. = 10.5 kcal/mol 


H 
Las, 
(1) 


—-——————» reaction coordinate 


FIGURE 4.56. Schematic Potential Energy Diagram for the 


p + + 
Reaction CoH aed ik + H. - 
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from recent measurements by Bohme (42). From the proton 
affinity of ethane calculated here and from the known value 
of PA(CH, ) = 127 kcal/mol (144), the proton affinity dif- 
ference between the two compounds is 10.3 kcal/mol. 

The treatment of the data in three different ways 
shows that the proton affinity difference between methane 
and ethane is 9.0 + 1.2 kcal/mol, which agrees with Bohme's 
results rather than the 1 kcal/mol found by Chong and 
Granklin (123). This work supports Bohme's suggestion 
(124), that equilibrium was not achieved in Chong and 
Frahklin's system. These workers conducted their experi- 
ments at 67°C, where we have shown the dissociation of 
ra to cones and H, to be appreciable. Therefore, under 


Chong and Franklin's conditions, the equilibrium between 


C 


+ + , a ti e 
CH; and CoH was disturbed by the ''leakage'" of CoH, 
through dissociation. This example emphasizes the import- 
ance of being able to observe the temporal behaviour of 


the ions being studied so that the achievement of equil>- 


ibrium can also be observed. 


4.9 Analog Computer Analysis of Results 
The validity of a reaction sequence may be tested by 
simulating the change of ion intensity with time on an 


analog computer. The values of the rate constants are ad- 


justed until an optimum fit to the experimental points is 


obtained. The rate constants used in the fitting are the 
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pseudo-first order rate constants Vv; where i = + 
in this system. 
The reaction sequence used was 
che ne a alent oe aR 
5 200 Oe 2a] 4 
a 
CoHal + CH, ee chet + Hh MCL 
=2 


A set of differential equations may be writ 


describe the system. 


+ 
d[CH, ] 
Se Eee ee 
dt 
d{ Co , 
ker a = oF LECH i] V eGan yi 
he 1 5 Vea aes, 
. 
va lCoH, hy 9 ltjH. ] 
+ 
a aS Rene 2 
2 \ 


d[product] _ 
dt 


where v represents the overall disappearance of 
ov 


+ + 
CoH, and C44, i 
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(4.7) 


(4.36) 


(4.46) 


ten to 


(4.47) 
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FIGURE 4.57. Analog Computer Program to Produce Best Fit for 


the Normalized Intensity Curves. 
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*s 
The reactions of CH,” and CH * to-CH.” andes ee 


3 5 75 dpe 1 
spectively, were too rapid to be explicitly included in the 
: P + + 
computer analysis. Since CH, and CH, are formed in the 


ratio of 5:4 and the abundance ratio of’ their product ions 


+ 


: ee Pelee 
CH, CoH, is very similar (37) at 2 torr, the initial con- 


ditions were set at [cH.”] = 0.556 and [C)He] = (0 4a at 
t = 0. | 

Equations (4.47) to (4.50) can be solved analytically 
(145) or more readily with an analog computer. The analog 
computer used was a Yokogawa Electronic Works Type 3302 
whose accuracy was about 1%. The computer program used is 
shown in Figure 4.57 and the fitted curves are shown by the 
solid lines in Figures 3 to 4.31. It was found that the 
agreement between the calculated and experimental rate con=- 
stants was generally within 20%. Since the final rate con- 
stants in the reaction sequence depend on those that pre- 
ceed them, the error increases for the rate constants of 
later reactions. The calculated and experimental rate 
constants are summarized in Table iX. 

Since the analog program takes into account the fact 
that CoH. is still producing Cites as the CoH. is reacting 
further with methane and ethane, the vig values obtained 
from the analog fit may be used to find a more accurate 
value of k, by plotting Voy/leaHe] versus [CH,]/[C,H,] as 
in Figure 4.41 using equation (4.32). Figures 4.58 and 4.59 


show these plots at 30°C and 86°C, the points for 106°C 
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FIGURE 4.58. Plot of v/[C,H.] versus [CH,]/[C,H-] at 30°C Using 


Values of vee Calculated from Best Computer Fit. 
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ICHs] . 1974 


[CoH6] 


FIGURE 4.59. Plot of Voi [CoH] versus [CH,]/C He] at 86°C Using 


Values Calculated from Best Computer Fit. 
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were too scattered to obtain a meaningful slope. ky from 


97 '> 3 


the slopes of these graphs was 6.9 x 1 cm WoleCuleae 


a! ates 0, Coand. 1.6) x fone: ome molecule a - atvgorc, 
(134) of 
Kom 3 


cm 


these values agree with Hiraoka's values of k 


DOM Cho Uinalocale et rat 30°C and 1.7 x 


molecule | ae at 86°C. 


h 


The magnitude of K, is also predicted to be very large 


] 


by the analog computer program. Out of 50 experiments only 
three were found with a measurabie reverse reaction rate 
for reaction (4.7). The average calculated value for ky 


was 1.9 x lo? cm? molecule | ae and Ky was 1.9 x orl 


Cae wolecate.. ame Since 


Ky 
a ik 
=] 


K is predicted to be of the order of 10°, the same magni- 
tude as calculated previously in section 4.5. 

The analog computer is therefore a useful! tool in 
verifying a reaction sequence but its accuracy in predict- 


ing the rate constants in a long reaction scheme is only 


sufficient to indicate the order of magnitude of the various 


rate constants. 


4.10 Recent Results 


Although the project was terminated at this point, the 


investigation of the energetics of reaction (4.14) was con- 
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tinued on another instrument by Dr. K. Hiraoka and a summary 


} + 
CoHL ~~ CoH, + H, (4.14) 


of his findings is included here where they are pertinent to 
the project under discussion. 

The apparatus of Hiraoka and Kebarle (62,146) could be 
used with two ion sources, one for use with experiments 
below room temperature and another for room temperature and 
above. 

Hiraoka (143) studied the reverse of reaction Ce inh yi 

+ op) 


4 
OF HE nee eHy a onus (4.42) 


He found that two different isomers of cae could be 
observed experimentally each with different energetic pro- 
perties. The structures II (C-C protonated ethane) and III 
(C-H protonated ethane) were attributed to the two isomers. 


At temperatures between -100°C and +40°C, reaction 


fs 
(4.42) was observed and the structure of CoH was assumed 


to be II. The rate constant, ko? was measured at various 
+ ‘ 2 ss (4.42) 
—— C,H, (11) 42 

CoH, + Hy gi, ¢ 


temperatures in this range and the Arrhenius plot defined 


the relationship: (4.51) 


kept 7 723 x 107 exp (Uae satiety (4.51) 
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The activation energy, Eo for reaction (4.42) is therefore 
very small, 1.2 kcal/mol as was assumed in the thermochemi- 
cal calculations in section 4.8. The results also showed 
that reaction (4.42) was second order, whereas in section 
4.7 it was assumed to be third order. The evidence pre- 
sented there however was not conclusive enough to prove 
second or third order. Reaction (4.42) is an association 
reaction and this type of reaction is normally third order 
(9,146). 

Third order reactions generally have no activation 
energy barrier for the formation of the ion-molecule com- 
plex. These types of reactions normally have a negative 
temperature dependence because as the temperature increases - 
the lifetime of the adduct ion decreases. Hiraoka observed 
a second order dependence for reaction (4.42) and a vositive 
temperature dependence. Hiraoka and Kebarlé proposed that 
the observed temperature dependence may arise from the fact 
that only a small fraction of reactants, i.e. those on the 
high energy end of the Maxwell distribution, surmount the 
activation barrier to form the associated excited complex. 
The complex contains excess energy approximately equal to 
the potential energy difference between the zero point 
energy of the complex and the top of the energy barrier. The 
complex is therefore long-lived and efficiently stabilized 
by third body collisions. When excited complexes are 


formed without having to pass an activation barrier, all of 
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the reactant molecules are able Ee participate. The result- 
ant complex contains excess thermal energy and is much short- 
er lived. The rate of formation therefore remains third 
order up to higher pressures. 

Within the temperature range 85° to 200°C the reverse 
reaction rate of reaction (4.42) becomes comparable to the 
forward reaction rate and measurements of the equilibrium 


constant, K_, were possible. The van't Hoff plot is shown 


2 
PN pc ie ih 4 a (4.42) 
25 2 ou? : 
on the left hand side of Figure 4.60 and led to AH”, = -11.8 
kcal/mol and As = -25 e.u. The point at the low tempera- 


ture end of this line, represented by a closed square was 
not obtained by direct equilibrium measurement but from 


the ratio K k_o/k, where kK» was obtained from Hiraoka's 


. 3 
measurements and Ko was the rate constant at room tempera- 
ture measured in this work (Figure 4.55). The points fit 
the extrapolated results of Hiraoka's very well. 
, + 

Below -100°C the rate of production of CoH, by re- 

action (4.42) was too slow to observe. However, as the 
; + 

temperature was lowered further the formation of CoH could 


be observed again. Hiraoka found that the formation of 


C below -130°C had a negative temperature dependence, 


+ 
H 
27 
which was indicative of an exothermic association reaction, 


in which the adduct ion is formed without passing over an 
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AH=-4.0 kcal/mole 


11.8 kcal/mole 


10°? L AH=- 
i0 3 U | a ae 33 
2 3 4 7 8 9 
1000/T (°K} 
255 2 gee 


aeane , 7, 
FIGURE 4.60. van't Hoff Plot for the Equilibrium C,H. +H 


Studied at Two Different Temperature Ranges. 
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activation energy barrier. Such reactions generally depend 
Sumaethicd body. the equflftbrium-(4.42) was. studiedlover 
the temperature range -130°C to -160°C. The van't Hoff plot 


obtained is shown on the right hand side of Figure 4.60. 


7) 


AH _. for this reaction was -4.0 and As’, was 196 e.u. There- 
a, : 
fore the C,H 1on observed at high and low temperatures 


27 


have different thermochemical properties and must therefore 
be a result of two different isomers. 

The thermochemical data obtained from Hiraoka's work 
is summarized in the energy diagram shown in Figure 4.61. 


The activation energy measurement of reaction (4.14) des- 


cribed in section 4.7 gave ES = 10.5 kcai/mol. _ From 
Figure 4.61 E, = 1.2 + 11.8 = 13 kcal/mol. The smaller 
Ko + 
CoH, ees oe + H, (4,14) 


value of E. found by measuring ko in this work may be due 
to the reverse reaction rate becoming important at higher 
temperatures, making the apparent forward rate smaller. The 
overall effect would be to make the slope of the Arrnenius 
plot smaller and thus E. would be smaller. 

An earlier paper by Lathan, Hehre and Pople (128), 


using ST0-3G basis, suggested that the classical structure 


of on ae (IV) was 11 kcal/mol more stable than the bridged 


structure V. 
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FIGURE 4.61. 


Schematic Potential Energy Diagram for the 


Reaction of Protonated Ethane. 
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H 


H 
Ns gee 
2 Ce ———- C 
“ey H--—f Seyi. 
H H ~~ 


IV . V 


H 


f 
Therefore as a hydrogen molecule approaches CH, » assumed 
to have the most stable structure IV, the initial formation 


of Cota is most likely to be structure [II as visualized 


in the scheme (4.52). 
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At the high temperatures used in this work, 30°C to 230°C, 
the thermal energy of the reactants is sufficient to sur- 
mount the 5.2 kcal/mol barrier to rearrange and form the 
more stable structure II. At the low temperatures used by 
Hiraoka, below -130°C, the thermal energy of the reactants 
is not enough to pass over the barrier and the ion observed 
has the structure III under these temperature conditions. 
This scheme is reasonable as structure III consists of a 
oH ion weakly interacting with the electron pair of a 


hydrogen molecule. The fact that AH _. = -4 kcal/mol for 
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reaction (4.42) at low temperatures is small, is a measure 
of the bond energy in the GoHeg “He complex. The thermo- 
chemical measurements obtained by Hiraoka therefore support 


the assumptions made in section 4.8 concerning the isomeric 


+ ; e J °° e e 
structures of C,H as it participates in reaction (4.14). 


2/7 
4 + 
HN, —— > |cH | PCH + Hy (HLTA) 
II III IV 


A very recent report by Pople (147) has extended the 
calculations of Bou . The first improvement (4-31G) 
doubled the number of basis sets in the anenee Shell. A 
further a Ar es feesnce) included the d-functions on 
the carbon atoms and finally included a set of p-functions 
on each hydrogen (623167 rye Table X shows that as more 
functions are taken into account, the bridged structure of 
ee He becomes favoured compared to the classical structure. 


£05 
This trend had also been found by Zurawski et al (148). 


+s : 
If the favoured structure of CoH, is the bridged 
structure then the hydrogen molecule must approach broad~- 
side to the C-C bond in eile and the transition state can 


be represented by structure VI. 
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TABLE X 
Theoretical Calculations by J. A. Pople (147) of the Relative Energies 


+ 
of CAH Isomers Using Different Basis Sets 


p) 


———aEEEES EE Eo ——— 


+ 

CoH, 

(classical, IV) -11.4 -7.3 -0.1 -0.4 6.3 
+ 

CoH. 

(bridged, V) 0 0 0 0 0 
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as Swi : 
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The occurrence of an excited intermediate such as VI jis 
difficult to understand but attack from the rear as in re= 
action (4.54) may conceivably lead to the stable isomer of 


ater) lt then becomes difficult to explain the 


potential energy curve in Figure 4.61 in terms of the 


number of maxima and minima if structure II is to remain 


; + 
the most stable structure of CoH 2 
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h.11 Other Reactions Observed 


: + + + 
Oth 
er tons observed were CoH, : CoH. : CAH Lo and 


+ + , 
CH 2 CoH, is formed by the primary and secondary frag- 
mentation processes of methane and ethane. It was assumed 


+ ae 
that CoH, Originates mostly from the major constituent, 


methane, by reaction (4.55) (37). The reaction of cS He 


+ + 
CH of CH, Cae tael (4.55) 


with ethane is well known, (112,114,129,149) but Bennett, 
Lias and Field (131) were the first to report the stabilized 


e e + °o e 
intermediate C416 in the reaction 


- +, % 
CoH, + C,H, ——m [C,H 9 | 


she Sli if (4.56) 


The ion C,H was also observed inthe present work, as a 


of 
410 


minor product, when the ethane concentration was high. The 


formation of C,H,” by reaction (4.56) was thought not to 
interfere with the kinetic analysis of the reaction of 

ob 
ly 


C yi described in section 4.6 since the reaction of CoH 


ais 
was extremely slow and the concentration of ethane was low. 
The cH. ion is also a product of a secondary re- 
a 
action (4.57) in methane (37). The precursor CoH, was 


: h 
ery a ee (4.57) 
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not observed in these experiments. ee was found to be 
essentially unreactive in the methane/ethane system. 

The eB ion was only observed during the experi- 
ments with a methane to ethane ratio of 50:1 at tempera- 
tures below 80°C. The intensity of Cate was very small, 


only about 0.5% of the total ionization. che must be 


formed from an ion association reaction with ethane, for 


example (4.58). CH * has been observed In pure methane 


bd 


7s 
CH + CoHe ——>> ade - Ho (4.58) 


(37) but there are no reports of the ion being observed 


in ethane or methane/ethane mixtures. 


4.12 Conclusion 

The study of the methane-ethane system has brought to 
light some interesting information. The measurement of 
the proton affinity difference between t hese two compounds 
proved that this difference was at least 10 kcal/mol. A 
recent measurement (44) has estimated that the proton 
affinities of higher alkanes show similar differences to 
their lower homologues. For example the proton affinity 
of propane was ealculated to be 148 kcal/mol, almost 10 
kcal/mol above that of ethane. Similarly the proton 
affinity of iso-butane was estimated to be 164 kcal/mol, 


a difference of 16 kcal/mol from its lower homologue. 
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The independent observation of the reaction of C.H ¥ 


25 


with methane in reaction (4.31) substantiated the previous 


+ + 
CoHe + CH, i C,H, + H, (4.31) 


report from this laboratory that this reaction was very slow 
but observable and the rate constant could be measured. 

The dissociation of c jo” to OpHEe and He had been 
observed by several workers but no rate constants had been 
measured before and no investigations into the temperature 
dependence of the reaction had been reported. The pyrolysis 
of Coy” explains some anomalies of previous work done on 
the methane-ethane system and also initiated further in- 
vestigations of the reaction which led to the observation and 


thermochemical measurements of two different isomers of 


C_H_* and higher homologues. 
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CHAPTER 5 


SOLVATION OF Cl. BY VARIOUS SOLVENT MOLECULES 


Dit Introduction 

The Lean application of ion-moiecule reactions to 
acid-base measurements has created great interest and the 
field has expanded rapidly. The measurement of gas phase 
acidity and basicity using ion-molecule reactions is im- 
portant because it enables the intrinsic acidic or basic 
behaviour of the molecule to be investigated without the 
interference of a solvent. This type of measurement also 
eliminates fons of the opposite charge which complicate 
the interpretation of data obtained from solution studies. 
Gas phase measurements are therefore useful to the physi- 
cal organic chemist who is weil versed in the acidic and 
basic behaviour of organic compounds in solution and can 
interpret the gas phase measurements to estimate the effect 
of solvents and other ions. 

A measure of the gas phase acidity of a compound RH 


is the enthalpy for reaction (5.1), which is also the 
“ + 
R-H mR +H (51) 


proton affinity of R . The enthalpy for reaction (5.1) 
: - + 
can be regarded as the heterolytic bond energy D(R -H ), 


which can also be expressed using the homolytic bond 


energy, D(R-H): 
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Gas phase acidity = D(R - 4H ) 


D(R - H) + IP(H) - EA(R) (5.6/2) 


where IP(H) is the ionization potential of the hydrogen 
atom and EA(R) is the electron affinity of the radical, R. 
Since IP(H) is common to expression (5.2) for all compounds 
RH, it can be omitted from calculations of the gas phase 
acidity. The relative measure of acidity is therefore the 


enthalpy for the reaction 


e + RH —— Bm R +H (5.3) 
Therefore, 


AH = D(R - H) - EA(R) (5.4) 


Therefore as the gas phase acidity increases, the quantity 
D(R - H) - EA(R) decreases. 

In a solution, the proton is always accepted by a 
base. Acid dissociation is therefore more accurately re- 
lated to the gas phase analog of the Bronsted acid-base 


reaction 


RvH + Ro ———> Ry + RoH (5.5) 


The enthalpy for reaction (5.5) is 


AW = p(R,-°H) = EA(R,) ~ (D(RD = A) ~ EA(RS)) 
(5.6) 
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In the investigation of ionic solutions, the 
nature of the interactions of the ions in solution, such 
as R , with their adjacent solvating molecules is of 
fundamental importance and has been the subject of numer- 
ous studies (150). lon-solvent interactions can also be 
studied in the gas phase by first observing the isolated 
ion, then adding solvent molecules one at a time and 
examining the effect of each addition. This approach has 
been used jin experimental and theoretical studies (151-155). 

lon-solvent interactions have traditionally been 
investigated in terms of electrostatic forces such as 
ion-dipole and ion-induced dipele forces. If a solvent 
molecule RH is considered, which has a dipole moment with 
the hydrogen carrying the partial positive charge, as RH 
approaches a negative ion xe, the acidic hydrogen wiil 
be oriented towards X . The presence of the negative ion 
will induce a further shift of electrons away from the 
hydrogen atom. The complex RH =--X~ can be considered 
as resulting from a partial proton donation to the negative 
ion i.e. a partial neutralization of a Bronsted base, x 
by the acid RH. Kebarle et al (156) proposed that the 
interaction of RH with X should follow the gas phase 
acidity of RH i.e. the bond energies of the RHX complexes 
should increase as the gas phase acidity of RH increases. 


Examination of gaseous ionic equilibria such as (5.7) 
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X"(RH) Pa etn en SP X- (RH) (5.7) 


allows the equilibrium constant Ras n to be measured where 
9 
I 


X (RH). 
ae (5.8) 
X MERAeb ree! I 


The measurement of Rey , at different temperatures yields 
Au? BGe and oo 


n-ian? sees for the addition of a sol- 


= jea 
vent molecule, RH to the ion cluster X (RH) _). When n=], 
the equilibrium studied gives the thermodynamic parameters 
for the addition of the first solvent molecule to the 
° R . ; fe) ) 
isolated ion and is described by Koa? AG 0,1 and AH 0,1° 
Therefore if the above mentioned relationship holds it would 
be expected that the interaction between RH and X will 
increase as the gas phase acidity of RH increases. Quan- 

Oo oO ‘ 
titatively, one would expect cule 1 and ‘TAGS i to increase 

> 


? 


as D(R - H) - EA(R) decreases. 


52 Previous Work on Gas Phase Acidities 

As discussed in the previous section a correlation 
between the gas phase acidities of compounds RH and the 
bonding in RHC] complexes could exist. The present sec- 
tion provides an overview of the studies of gas phase 
acidities since this property will be needed in the sub- 


sequent treatment. 


The first qualitative measurements of gas phase 
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acidities were reported by Brauman et al (30) #tnmmigoo: 
This study was the first direct measurement of relative 
acidities of neutral compounds in the gas phase. 

Brauman and Blair (30) used ion Cyclotron Resonance 
Spectroscopy (27,157,158) to measure the relative acidities: 
acetyl acetone > acetyl cyanide > hydrogen cyanide. 
Brauman determined the acidity order by observing in which 


direction proton transfer occurred between two of the 


compounds. For example, reaction (5.9) was observed to 


CH,COCN + ey “CH, COCN + HCN (5.9) 


occur in the direction shown, whereas the reverse reaction 
was not seen, indicating that it was endothermic. Acetyl 
cyanide is therefore a stronger acid than hydrogen cyan- 
ide in the gas phase. fhe relative acidities of acety} 
acetone (pK, = 9.0) and hydrogen cyanide (pK. = 9.2) are 
in the same order in water (159,160) as in the gas phase at 


room temperature. 


Brauman and Blair continued their study of gas phase 
acidities by investigating the relative acidities of a 
series of simple aliphatic alcohols (31,161) by proton 


transfer reactions of the type (5.10). If the reaction 


R,OH + R,0- > R, O° + R,OH (510) 


proceeds in the direction shown then the gas phase acidity 


of R,OH is greater than that of R, OH. 
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Brauman concluded from his results that all of the 
simple aliphatic alcohols were stronger acids than water 
in the gas phase. He also found that the larger the alkyl 
group the stronger the gas phase acidity. For example: 


(CH,) CCH OH > (CH,),COH > (CH,) ,CHOH > C,H_OH > CH.OH > 


2 2 5 5 


H,0. This is the opposite order expected from considera- 
tion of the electron releasing inductive effect of the 
alkyl groups, since substituents which are electron re- 
leasing will destabilize the negative charge in the alk- 
oxide ion. Therefore the formation of the t-butoxide 
ion should be more unfavourable than the methoxide ion. 
The order of acidity in solution is CHOH > CH.OH ? 
(CH,),COH, which is the reverse of the gas phase acidity 
order. Brauman suggested that the acidity order in solu- 
tion includes solvation effects and does not represent the 
intrinsic molecular property. 

Munson (162) has shown that the gas phase basicity 
order of methylamines followed the normal inductive order: 
NH > CH.NH. > NH... Increase of amine 


3)2 See 3 


basicity was expected with increased methyl substitution 


(CH.)N > (CH 


because methyl groups are electron releasing and stabilize 
the positive ion. 

Therefore, according to Brauman's acidity measurements 
(161) and Munson's basicity measurements (162), increasing 
the number of alkyl groups stabilizes both anions and 


cations in the gas phase. To explain these results, Brauman 
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postulated (31) that in the gas phase the ability of the 
alkyl groups to stabilize both positive and negative sat- 
urated fons arises from the polarizability of the alky} 
group. Some of the charge is spread over the alkyl group 
thus stabilizing positive or negative ions. 

Further investigations by Brauman and Blair (32,163) 
indicated that in the measurement of gas phase acidities 
of amines, the same stabilizing effect of the amide ions 
by increasing alkyl substitution is observed, as in reaction 


(5.11). Comparison of solution and gas phase acidities was 


R NH, + RN ——> R, NH + R,NH, (5.11) 


impossible in this case because of the difficulty of form- 
ing the amide ion in solution and is also complicated by 
the formation of ion pairs. 

Brauman and Blair next investigated the stabilization 
effect of alkyl groups attached to an unsaturated carbon 
hoa)e It was found that in systems involving pondaied to 
an ate ethos | alky! groups destabilized anions 
relative to hydrogen. However, larger alkyl groups stab- 
ilized anions relative to smaller ones. 

| Bohme et al (165) used the flowing afterglow tech- 
nique to measure the forward and reverse rate constants of 
reactions of the type (5.12) to determine the equilibrium 


constant. By changing the nature of A and B the ApK. 
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can be calculated and an acidity scale can be built. Bohme 
has measured the gas phase acidities of various oxygen and 
carbon acids using this technique (166) and his results are 
in good agreement with the acidity order of Brauman's. 
Neither the early experiments with the flowing after- 
glow technique (165) nor the ion cyclotron experiments by 
Brauman actually represented measurements of ionic equilib- 
ria. Yamdagni and Kebarle (167) were the first to observe 
ionic equilibria of the type (5.13) directiy in order to 
determine the relative acidities of the two compounds AH 


fe) 
and A,H. The measurement of equilibria (5.13) enables AG 
to be calculated which is equal to the difference in gas 


phase acidities of AH and AjH. 

Kebarle et al (167) have measured the gas phase 
acidity of carboxylic acids. The order of acidity increase 
was acetic, propionic, butyric, formic acid. The former 
three acids follow the order Brauman found with the alco- 
hols but formic acid is stronger than butyric acid which 
is analogous to the order of substituted acetylenes in- 


vestigated by Brauman (164). Kebarle and coworkers further 


investigated the effect of halogen substituents on the 
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acidity of acetic acids (168). They found that, as observ- 
ed in solution, introduction of a halogen substituent re- 
sults in a large increase in acidity. The increased acidity 
has been ascribed to the stabilization of the negative 
charge by the electron withdrawing effect of the halogen 
substituent. A comparison of the AG? values for proton 
transfer from acetic acid to the haloacetic acid in the 
gas phase and in solution shows that the AG? values for 
the gas phase are on average about four times larger than 
those in solution. Kebarle et al also found that the order 
of acidities in the gas phase was Br > Ci > F which was 
the opposite to that found in aqueous solution. 
Investigation of the gas phase acidities of many sub- 
stituted benzoic acids by Kebarle and coworkers (71) en- 
abled correlations to be drawn with the o values of 
McDaniel and Brown (169) and the o° values of Taft (170). 
The correlation was better when o” values were used. The 
effect of substituents was again found to be larger in 
the gas phase than in solution. For this series of com- 
pounds the effect was ten times larger in the gas phase. 
Attenuation of the effects of substituents in aqueous 
solution has been observed by Taft (171) and Lossing (172) 
and has been attributed to a decrease in solvation for 
the stabilized ions. 
Carbon acids have not been studied extensively in 


the gas phase. McMahon and Kebarle (72) have studied the 
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effect of substituents on methane. The acidity of the sub- 
stituted methane increase in the order phenyl = vinyl < 
acetyl < CN < benzoyl. The introduction of a second group 
of the same type increases the acidity by 60% of the first 
addition. A more recent study (173) has extended the 
measurement of the acidities of carbon and nitrogen acids 
and the effects of substituents upon the stabilities of 
the carbanions and nitrogen anions in the gas phase. The 
latter are seldom postulated in the mechanisms of organic 
reactions in solution. 

The gas phase acidities of various substituted phenols 
(174) have been measured by McMahon and Kebarle and they 
found that the order of acidity in the gas phase and aqueous 
solution are the same. Mclver and Silvers (175) have also 
measured the relative gas phase acidities of some substi- 
tuted phenols. The agreement between Mclver's and Kebarle's 
measurements is good. Theoretical calculations by Radom 
(176) predicted the same relative order of acidity of the 


substituted phenols as that found experimentally. 


53 Previous Work on Chloride Affinities and Other Related 
Complexes 
Yamdagni and Kebarle's proposal (156) that the order 
of increasing gas phase acidity of RH follows the order of 
hydrogen-bond energy of the complex RH-X was tested on a 


series of alcohols and carboxylic acids. The chloride ion 
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was chosen as the negative ion because of the ease of 
producing it in the ion source. 
The proposal of Yamdagni and Kebarle was based on 


studies of the ionic equilibria (5.14) and measurements 


of AHS for various compounds RH. The AH measured is 
- Ko 1 - 
RH + C] ——*———® RHC] (5.14) 


the hydrogen-bond energy in the complex RH-Cl_. The order 
is? : > C > > ¢ > 
of AO observed was: HCOOH cH, OOH CoH.OH HCl, 


(CH3),COH > CH,0H > H,0. Brauman had previously established 


(31) the order of the gas phase acidities to be C HOH > 


(CH,),COH > CH0H > H,0 which is in the same order as the 


hydrogen-bond energy in clusters with cl. Kebarle et.al 
(167) had previously found that the gas phase acidity of 
formic acid was greater than that of acetic acid. The 
same order as the hydrogen-bond energy or chloride affin- 
ity. 

The correlation between gas phase acidities and 
chloride ion affinities measured by Yamdagni and Kebarle 
is based ae a small number of RH compounds nearly al! of 
which were oxygen acids. It was felt that the range of com- 
pounds was too narrow to assume that the rule held univ- 
ersally. By studying different compounds the nature of 
the interaction between RH and Ci may be better under- 


Stood. The recent studies of McMahon and Kebarle (173-174), 


which measured the gas phase acidities of many carbon and 
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nitrogen acids, provided a wide series of compounds with 
different functional groups to test the correspondence of 
acidity order and chloride ion affinity. 

Before describing the results of the RHCI1 equilibria 
measurements, a brief discussion of the theoretical work 
relative to complexes of this type is given. 

To explain the interaction between RH and XxX, in- 
formation on the detailed electronic structure of the sol- 
vated ion and the nature of the binding forces is required. 
Several groups have calculated the energy surfaces for the 
case where RH = HOH (154,177-179). 

Diercksen and Kraemer performed ab initio SCF-MO cal- 
culations on Li’.H,0, Na’-H,0, F .H,0 and C1~.H,0 (177). 
Two stable structures of the anion-water complex are 
possible. The first is structure I which has Coy symmetry. 


Structure II shows the other configuration which contains 
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a hydrogen bond where For Cl. is in line with one of the 
O-H bonds. Diercksen and Kraemer found structure II to 
have the lowest energy with a hydrogen bond strength for 

F .H.0 of 24.07 kcal/mol. This is in good agreement with 


2 
the experimentally determined value of 23.3 kcal/mol (180) 


by Arshadi et al. 
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Clementi, also on the basis of ab initio SCF-MO cal- 
omlations (178), noted that as the size of the anlone 
increases, the distinction between the two limiting struc- 
tures I and II becomes less important. Thus the energy 
minimum in the C1 .H,0 complex corresponds to a Cl .HOH 
angle of 165.4° instead of 180° for structure II. The 


angle in the F .H_O complex obtained by Clementi was 175.4°, 


2 
nearer to a linear hydrogen bond and in substantial agree~- 
ment with Diercksen's results, The calculated binding 


energy for the Cl .H,0 complex obtained by Clementi was 


2 
11.24 keal/mol for structure I and 11.30 kcal/mol for 
structure II. Arshadi's (180) experimental results for 
the ElggHs0 complex were 13.1 kcal/mol which does not 
agree so closely as the fluoride results. 

Clementi and coworkers! work on cation-water com- 
plexes showed that there was no appreciable charge trans- 
fer from the water molecule to the cation (154). They 
found that the interaction was mainly electrostatic in 
origin i.e. from ion-dipole and ion-induced dipole inter-.- 
actions, the latter being due to a shift of electrons 
within the water molecule. !n the anion-water complexes, 
Clementi et al (178) found that the interaction was also 
essentially electrostatic and that an appreciable electron 
shift or polarization occurred within the water molecule. 


These conclusions were based on the electron distribution 


in structures I and II for the F -H,0 complex where the F-0 
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separation is 5.15 a.u. The gross Mulliken electron population 


0.64 
H 
: Ne J 0.60 
Z Ors F 4 9 8-70 
9.99 a 9.95 \ 
0.64 Ho. 7h 
I i3E 


Shows that there is a small amount of charge transfer 

From the fluoride ion to the water molecule in the hydro- 
gen bond configuration whereas the amount of charge trans- 
fer is negligible in the Coy structure. There is con- 
siderable charge transfer within the molecule for both 
structures. No data is given for the C1 .H,0 complex 

but the charge transfer within the molecule will be less 
than for F .H,0. 

Since the theoretical calculations of Clementi and 
Diercksen show that the interaction in the anion-water 
complexes is mainly electrostatic there is some justifica- 
tion for doing electrostatic calculations which are more 
easily performed. 

Electrostatic calculations have been performed by 
Eliezer and Krindel (181) and Spears (182) on ion hydrates. 
Spears (182) has also investigated complexes of anions 
and cations with such molecules as 05> No and CO. and 


found that the bonding energy between these compounds and 


the alkali and halide ions was about ten times less than 
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for a water molecule. This result may have been expected 
since 0. and N. have no permanent dipole moments. Spears 
also pointed out that the ion-quadrupole interaction dom- 


inates the bond energies of complexes involving 0 N. and 


lige ee 


CO. whereas they are negligible in complexes with water. 
Davidson and Kebarle (183) have carried out electrostatic 
calculations on complexes involving the solvation of posi- 


tive and negative ions by water and acetonitrile. 


The total stabilization energy, EY between an ion 


and a single solvent molecule can be expressed as a sum 


of four terms shown in equation (5.15). 


eo : . +e (5.15) 
oh EF ipansind aes dis rep 


eAis is the ion-dipole attraction, E ad is the ion- 

e e - om © e > to 
induced dipole interaction, ais is the energy due 
attractive van der Waals or dispersion forces between 

i erm 
the ion and the molecule and By is the energy t 
representing the electronic repulsion between the ion 


and solvent molecule. Davidson and Kebarle (183) found 


experimentally that acetonitrile solvated positive ions 


better than negative ions. Electrostatic calculations 


using point dipoles predict equal solvation of positive 


and negative ions. By using the charge distribution over 


: : : d 
the whole molecule, Davidson's calculations of EY agree 


fo) 
well with the experimentally measured AH 0,1 values. The 


-. almost cancelled 
computations also showed that E ad + E dis 
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TED so that EY ~ apace Therefore the major contribu- 
tion to the total stabilization energy is the ion-dipole 
interaction. By calculating c. for different orientations 
of the solvent molecule and comparing the different E.'S 
obtained to the measured AH) the preferred orientation 


of the solvent molecule can be determined. 


5.4 Experimental 
The experiments carried out in this investigation 
were conducted on the instrument described in section 2.9. 
Gas mixtures were made in a 5-lJitre bulb that was 
part of the gas handling system. The system was enciosed 
in a box that could be heated to 200°C. The temperature 
inside the box was generally maintained at 100-105°C, 
or a temperature which was sufficient to vaporize the 


compounds used. The gas handling plant was periodically 


baked at 200°C. 

Gas mixtures were made by filling the bulb with 
one atmosphere of ultra high purity methane and then in- 
jecting the required amount of the liquids through an 
injection port. The gases were then allowed to mix for 
thirty minutes before performing the experiment. To 
ensure that thirty minutes was a sufficient time for the 
gases to be completely mixed, an experiment was performed 
at various intervals up to 20 hours from the time the 


gases were mixed. The equilibrium constant measured at 
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different times is shown in Figure 5.1. The equilibrium 
constant measured over the total time period was the 
same. Half an hour was therefore considered a sufficient 
period for the gases to be well mixed. 

The reactant Cl. ions were produced by adding traces 
( 1.5 torr) of carbon tetrachloride to the bulb. Chloride 
ions were probably generated by dissociative electron cap- 
ture of near thermal electrons by reaction (5.16). The 


chloride ions then reacted with RH forming Cl (RH). 


e+ CCl, —m Cl + CCl (5.16) 


3 


clusters by reaction (5.14). Suitable temperatures and 
pressures were chosen such that n was equal to 1. 

If the compound, RH was a solid at room temperature, 
the substance was dissolved in methanol, which would not 
interfere with the cluster formation under study since 
methanol is a much weaker acid than any of the compounds 
investigated. Initially, carbon tetrachloride was thought 
to be a suitable solvent since it was added to the system 
anyway. However, the amount of carbon tetrachloride re- 
quired to dissolve the acid was large and exerted 30 torr 


pressure in the bulb. Large peaks were found at the 


masses 160,162,164 and 166 with ratios of approximately 
28:28:9:1 which is indicative of a compound containing 


three chlorine atoms (184). These peaks were broad and 
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FIGURE 5.1 Plot of Equilibrium Constant Ko for the Reaction 
- + (CH.).COH ——» (CH,).COH.C1™ 
Cl (Cc 3)3 ( 3)3 OH.Cl versus the 
Time After the Reactants Were Mixed in the Bulb. 
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diffuse and persisted even when the electron gun fila- 
ment and gas supply were turned off. These spurious peaks 
were thought to be CCl, which were generated by therm- 
ionic emission outside the ion source. The walls of the 
mass spectrometer must have been saturated with carbon 
tetrachloride as several days of pumping were necessary 
before the peaks disappeared. 

Typical partial pressures in the bulb were 700 torr 
methane, 1.5 torr carbon tetrachloride, 10 to 50 mtorr 
of the acid and 50 torr of methanol, if the substance 
was a solid. The pressure of gas in the ion source was 
controlled by carefully adjusting the valve between the 
bulb and manifold to achieve the required flow. The 
temperature of the ion source could be varied between 
25-435°C. Total ion source pressures of 1-5 torr were 
used. 

The electron beam was pulsed on for 10-20 usec 
every 3 msec.and the temporal profile of the jon inten- 
sities were collected and stored in the muitichannel 
scaler. Examples of typical ion profiles are shown in 
Figure 5.2. After 100 usec, the ion profiles of Cl and 
RHC] are parallel, indicating that the ion abundances 
are in a steady state and the two fons are in thermo- 
dynamic equilibrium. To eliminate the 2ffect of any 
signal drift the chloride ion was collected for 30 


seconds, far example, then the cluster jon RHC! for 60 
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FIGURE 5.2. Time Dependence of C1 and CH,COCH,.CI lons in 2.75 
torr CH, Containing 0.15 torr Acetone at 114°C. 
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seconds. The chloride ion was again collected for a 
futher 30 seconds and accumulated with the previous col- 
lection of Cl. Thus each ion was collected for the 
Same amount of time but any consistent drift in signal 


was eliminated. 


5.5 Measurement of lonic Equilibria 

Special precautions have to be taken when measur- 
ing tonic equilibria to ensure that the measured ion 
intensities are an accurate refiection of the jtonie 
concentrations in the ion source and that the ions are 
in true ionic equilibrium. 

The largest error in the measurement of ionic 
equilibria is due to the problem of stripping (74). The 
region of highest pressure in the vacuum chamber is that 
just outside the ton exit slit. Stripping occurs when 
the pressure in this zone is sufficiently high that 
there is a probability of an ion emerging from the jon 
source and colliding with a neutral molecule before it 
reaches the mass analyzer. if the ion is a cluster 
RHC] , there is a possibility that it may dissociate 
into Cl. and RH. Therefore the detected intensity of cla 
is larger than it is inside the ion source and the ob- 
served intensity of the cluster ion is correspondingly 


smaller. The equilibrium constant, Koo for reaction: 


(5.14) is given by equation (5.17). 
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TABLE X! 


The Effect of the Relative Intensity of ions 


Collisional Dissociation Occurs 


Pay = 0.1 torr 
Ab .’ I 
RHCL Cj 
(a) tnside ton Source 10 1 
Outside lon Source 9 Z 
(b) Inside ton Source i 10 
Outside lon Source 0.9 ie. 
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= K = 
Gh thenijoe pet eels. Lec) (5.14) 
I = 
RHC1 
0, Pnerr 
C1 


Therefore the stripping effect will result in a lower 


measured K than the actual value. As the pressure in 


0,1 
the ion source is increased, the pressure outside the 

ion source is increased and the number of collisions in 
this region increases. The effect of collisions outside 
the ion source can therefore be detected by measuring 

the equilibrium constant at different fon source pres- 
sures. If no stripping occurs the equilibrium constant 
will be independent of encRessiad pressure. If stripping 
occurs the equilibrium constant will decrease with in- 
creasing pressure. Normally the partial pressure of RH 
is varied by a factor of ten to test if such collisions 
occur. 


The relative intensity of the ions is also import- 


ant. If the pressure of RH is 100 mtorr, for example, and 
the ratio of I Jt. ote t0, thens the equilibrium 
RHC1 Cl 
constant, Ky | = 100 torr | (Table XI, case (a)). However, 
9 


if 10% dissociation of the cluster RHC] occurs then the 
intensities of both ions are changed and Koo is now 45 


fore |: a decrease of over 50%. ‘if the ratio of i aaa 
H 


I is 0.1, then a dissociation loss of 10% means only 
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an 11% decrease in the equilibrium constant (case (b)). The 
pressure of the neutral, RH and the temperature of the 

ion source were therefore chosen such that the intensity 
of the chloride ion was at least twice that of the cluster 
ion under the worst conditions i.e. when the pressure of 
RH was highest. 

The gas mixture in the 5-litre bulb could be fiowed 
for over an hour before the rate of pressure drop was 
appreciable. This was sufficient time for four or five 
different ion source pressures to be used in an experiment 
with one mixture. A new mixture was then made containing 
a different partial pressure of tine compound, RH. Using 
this method the partial pressure of RH could be varied 


over a factor of ten using two or three different mixtures. 


5.6 Results 


The compounds used in the clustering reaction with 
Cl. varied from strong acids, such as substituted phenols 


to weak carbon acids such as ketones and substituted 


benzenes. 


The equilibrium constant, Ko , was obtained from. 
equation (5.17). If Ky | is measured at various tempera- 
9 
I 2 
K = RHC (5.17) 
OF 1 p 
-* RH 
Cl 


: C o 
tures a plot of Ko versus I/T gives AG 0,1? AH 0,1 and 
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- vhe variation of K as a function of tempera- 
OF, | 0,1 

ture was measured for substituted phenols, phenol, acetone, 
Formic acid and t-butanol. Clusters of Cl. with formic 


acid and t-butanol had previously been measured in this 


laboratory (156) but were re-examined because Yamdagni's 


value of Ni i for HCOOH was -39.6 e.u. which is very 
b 
large for an association reaction. On the other hand, 
the sie 1 value obtained for t-butanol was only -10.3 e.u. 
> 


which is very low for the same type of reaction. In 
Yamdagni's experiments the pure solvent was flowed through 
the ion source instead of being diluted as in this work. 
Figures 5.3 to 5.11 show the individual measurements on 
each compound. The equilibrium constant is measured at 
different pressures to check that true equilibrium is 
established and no collisional dissociation outside the 
ion source is occurring. Different bulb mixtures at 

the same temperature are shown by shaded and unshaded 
points. At low temperatures where Teuci~/ i ci- approaches 
100, the stripping becomes appreciable and Ko decreases 
with increasing pressure, this is illustrated in Figure 
5.4. The van't Hoff plots are shown in Figures 5.12 

and 5.13 for RH = t-butanol, formic acid, acetone, phenol, 
p-cresol, p-chlorophenol, p-fluorophenol, p-cyanophenol 
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each temperature. Figure 5.12 also shows Yamdagni's re- 
sults by the triangular symbols. A few experiments were 
repeated using the pure solvent only. This was achieved 
by injecting a sufficient volume of the compound into the 
bulb to give a vapour pressure of about 700 torr. The 
experiments with the pure solvent are shown by solid 
circles in Figure 5.12. In the case of formic acid the 
measurements made in this work are very close to those 
obtained previously. The two experiments repeated in 
pure formic acid lie exactly on the jine of Yamdagni et 
al. However for the t-butanol, the previously neas eed 
equilibrium constants are about three times larger than 
the present measurements and for phenol the direction is 
reversed and VomdS ane tee sud ts are about ten times 
smaller than the present work. 

Determinations of Koy done under different condi- 
tions and by different experimenters that are within a 
factor of two are considered acceptable, but the discrep- 
ancies observed in Figure 5.12 are much larger and must 
be due to other factors. Experiments with pure t~butanol 
were repeated and are shown as solid circles in Figure 


5.12 and they lie below those performed in diluted mix- 


tures with methane. To examine the effect of the pressure 


of t-butanol, two experiments were performed at the same 


temperature. One was performed using pure t-butanol and 


the other with t-butano! diluted with methane in the 


a 


ee go ee tle ie 
+ ‘nani lathe orl Bb od oon 2) é 


; 
ei) ee 
“ ¢ 


byexn 2inoml dade wel A th gam ees” a 
LavelAaoe aw etHit, wNTee yasvtae Rabiaci wie 
ads O01 bik geinal ane 4e sau lov ral oleae 


odt. . 1409 COQ Geeta Bo oiveenta “wogev- a 


i basi a 
rion Pe 
eb 


> 


Al vbodseqss, See weed ow? - ‘an iain ut nt 
ve thgetmalY jail amo no Dodd, un 
hiatal Se ee i ienesege's 4 1 ’ 
age? ep 3el. weeks ‘pond: aAvods shod compen. 
Bt aitgoen Fb ead Toned iy hou eon 


remiss seg Swit s s°5 


‘Phios get OR rebay 
pO DIALIW On See ey heel 
“qatoelb oad “Sed caldesnnain. be | | . 
seve whe vopwel Advi + ‘wa awa) a bévrseda @ 
poneyud~» eyug ham ‘eine nbrwan | Span jont Yaeta0) 8 
ohirg ht ee bios ane’ bane senses" 
Lp in Sem onan a Ar uolod het 
Sey o#4 An sae¥ to odd emeniEMe 
\omee wt venation: ay 14a | 
bas Tangsudn etya, gel 20 Own eEee 
Lax ai engdazam a lat rie 


6 Pada “i. ss 


238% 


"(@) 
Jol€Z 3e _9"HONg-3—— HOng-2 + 


HONg-32 94nd pue (O) 9 Ul HONG-2 JO S4NIXiw e& 403 
12 YO! JDeBy aYz 4O} sqUeysUO) WN} 4g! , {NbzZ paunseay ° 


(110}) 


89INOS UO! Ui AsiNsseid yeyo! 


7 


3 ¢ L 


EE 


l°S 3UuNDdI4 


“ff 


5 op > ts 
= = -_ 


« 
24 i 


eke eperess Bh Sapecy fo.en6 $0) sue Seke-c~srcr 1S: 


2 i 
en 


SSC rr Ou 


ys. 


» 
r 


a 


Tieane Say gettanes ehh); pure coureaue? Qo 


- 1 io vo 7 yf 
a eu > 1. a i 
: A! aU : 


i ~ 
(4,4 
| 
' §j 
: 
i 
f Ass 
j 4 yt, Gare 
ae 
re em @ Wh ti 
, 4) 
a ¥ 
,, 
~~ fak hy 
a 
we ae 


9 ‘A ah i 
he ae sf ¥ hay outs ‘ 


7 J 
; a : —s / ’ ; 
ae tea ee 


i“ a nt : a3 “s 


y ih 2 en. oa 


ay 
“ie 
iis nt ae vk 


a} 
I 
; 


a ine 


239. 


normal manner. Figure 5.14 shows that the equilibrium 
constant measured in the diluted mixture remains constant 
with increasing total ion source pressure, (shown by open 
circles). However, the experiment using pure t-butanol 
displays a decrease of ome with increasing pressure. In 
the diluted mixture the partial pressure of t-butanol at 


total ion source pressure of 4 torr was 110 mtorr. The 


ratio of Cl. and RHC! can be calculated from 


Loa 
eee = a a (5.18) 
I K ay 
RHCI ME lt 
° _— Si ° a7 ° 
ate 31 C:, set = 0239: torr and Tey-ilenei- ~ 25:1 and 


stripping is minimized. However, when pure t-butanol is 
present at an ion source pressure of 4 torr, the ratio 


Ogata 7/1 . from equation (5.18)" 's >.) 2eeseUnder 


Pramas Shine Shs the cluster ion is twice as large as Gin 
and collisional dissociation outside the ion source leads 
to a larger error in Ko 3° This effect explains the 
difference in the two separate measurements of phenol. 

The above explanation cannot be valid for t-butanol 
where Yamdagni's values are higher than the present measure- 
ments. Yamdagni controlled the pressure of the pure sol- 
vent by surrounding a glass bulb containing the solvent 
with a controlled temperature water bath. The ion source 


pressure was varied by changing the temperature of the 


vapour then passed through a calibrated capillary and 
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entered the flow system. A trace of cCl, was added to the 
flow by a second capillary. Dissolved air in the solvent 
Cr an error in the estimation of the fraction of ccl, 
added could lead to inaccuracies. 

Table XI! summarizes the thermodynamic parameters 
obtainted from the van't Hoff plots shown in Figure 5.12. 


The equilibrium constants, K are shown for a 


Oo 
series of para substituted phenols in Figures 5.6 to 5.11. 
Para substituted phenols were chosen because there is 
maximum opportunity for conjugation but without the 
interference of steric effects which may occur with ortho 
substituents. 

It can be seen in Figure 5.9 that the equilibrium 
constants were not constant with ion source pressure for 
p-fluorophenol. Initially it was believed that some 
effect other than stripping was causing the behaviour 
since a curved decrease in Ko (see Figure 5.14) and not 
a linear variation is normaily observed when stripping 
occurs. The system was examined to make sure that no de- 
position was occurring in the glass tubes to and From the 
ion source or in the metal valves. The valves protruded 
through the front of the heated box for accessability, 
and were thus cooler than the bulb. As gas leaked from 
the bulb through the valve the phenol may have condensed 


on the cooler surface. Heating tape was wrapped around 


the valve to ensure that the valve was at the same tem- 
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perature, as the bulb, but the same effect was still obser- 
ved. When the ion source exit and entrance slits were re- 
placed the effect disappeared and Figure 5.10 was obtained. 
!t was found that the measured equilibrium constants were 
the same as the equilibrium constants in Figure 5.9 at an 
ion source pressure of 1.0 torr and these results were used 
in the van't Hoff plot. 
Para-cyanophenol is a stronger acid than HCI in the 
gas phase and thus reaction (5.19) occurs in addition to 


the clustering reaction with Citi. = to Suppress reaction 


2 K = ts 
ex{C))-o! + Cl = cu) + HC] (5.19) 


(5.19) 10 torr of HC] gas was added to the bulb mixture. 


The three ions Cl , cu) 0" and cu ))-on. 1” were 


found to be in equilibrium. The measurement of the equil- 
ibrium constant, Kay” for reaction (5.19) was obtained 


using 
PEND HOU ee (5.20) 
ony CNPHOH 


The AG’ calculated from RT In Keg is equal to the difference 
in the gas phase acidity between HCl and p-cyanophenol. The 
calculated tee tas -4.0 kcal/mol which is in agreementcwith 
the previously measured -4.4 kcal/mol (174). 

The van't Hoff plots shown in Figure 5.13 tom the 


different phenols are virtually paralle! which indicates 
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that the AHP a values are very similar. These results 
were surprising since it was expected that the SH 
values would be different. Since Asean is calculated 
from the intercept for the present plots, the Ase) 
values will be different for each phenol and not the 

AH values. 


In order to examine whether the van't Hoff plots of 
the phenols were affected by some systematic error, ex- 
periments were conducted at several temperatures for 
mixtures of two or more of the compounds. The phenols 
were dissolved in methanol and their partial pressures 
in the jon source were between |] and 10 mtorr. By study- 
ing the two compounds at the same time as well as the 
clustering reaction with Cl, the Cl. transfer from one 


phenol to another could be investigated. 


r Ky oY - 
YO) ocr” + x{O)j-on ete =@sint 
+ ¥-{O)-o (5.21) 


The equilibrium constant Ky oy was measured at 


different temperatures for different X and Y. The re- 


sultant van't Hoff plots are shown in Figure 5.15 where 


fo) 
X and Y are H, CHa, F, Cl and CN. The AH X,Y values 


calculated should be equal to the difference of the two 


AH® ; Values. This follows from the thermodynamic cycle 
Oo, 
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ele 


Therefore 


The thermochemical values from the Van't Hoff plots in 
Figures 5.13 and 5.15 are shown in Table XJil. The AHy y 
values relative to phenol are shown in Figure 5.16 and tab- 
ulated in Table XIII. The agreement between the various 


measurements of AH? y is quite good except for p-cyano- 


phenol, but the error limits are large for the measurements 


involving this compound. 
From Table Xtl!i it is obvious that this second set of 


experiments does predict differences in the AHS y values - 


and similar values of ce. which is opposite to the re- 


sults from the dinect Ky determinations. The results 
9 


obtained from the study of the chloride transfer reaction 
(5.21) are believed to be more accurate for two reascns. 


First, higher concentrations of the phenols may be used in 


the chloride transfer reaction than in the direct addition 
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TABLE XIII 


Thermochemical Data for the Reaction Cl. + RH ——> RHC]I 
q—— 


Compound AH? ~As° 06° D-EA 
kcal/mol e.u. kcal/mol kcal/mol 
p-CN phenol 26.3+1.09 12.8+1.6 22.5+1.0 15.6 
p-Cl phenol 25.8 +1.3 19.7+2.0 20.0+1.3 26.65 
p-F phenol 25.6+0.5 21.5+0.9 19.2+0.5 30.65 
phenol 24.7+0.9 25.0+1.4 17.2+0.9 33.30 
p-CH, phenol 25.2+0.4 27.44+0.7 17.1+0.4 34.55 


Calculated Thermodynamic Quantities for the Reaction 


¥{O)-on.ci" + {C)- ot bers x{(O)-on.cr” + XO) 


x Y “AH? iy ASE a Racy “ 
kcal/mol e.u. kcal/mol 
CH, H 0.42 + 0.08 0.6 + 0.2 0.61 + 0.09 
H F 1.9 +0.1 0.8 + 0.2 2.1 +0.1 
cH, F 2.3 + 0.1 1.4 + 0.2 Ze fee tron 
cl H 369 +400 0.34+ 0.2 Bou tae! 
CN Cl ej act OLA =l,0et 0.1, 5.2 + 0.4 
CN F 6.7% 0-3 0.86 + 0.5 6.5 +0.3 


a. Standard deviation from least squares anaiysis. 
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of eras reducing errors due to absorption on to or desorp- 
tion from the walls. Second, any collisional dissociation 
ofthe cluster ion ‘that’ may occur outside the “ron seounce 
wilt rave less “of ‘an adverse'"effect ‘site the cl © formed 
does not enter the equilibrium constant whereas serious 
error is introduced in the clustering reaction by non- 


equilibrium Cl . 
The upper part of Table XII! shows that instead of 
AH’ yy changing with the nature of the phenol, the change 
is reflected in the ase) values. As the interaction 


with Cl. increases, the entropy of RHC] should decrease. 


For reaction (5.14) 


Cl + RH >— > RHCI (5.14) 
As yy is given by 
Asya S Tate eer ac He PR 
(5,24) 
As the hydrogen bond energy increases Shinai ye should 


decrease, therefore NS i should decrease or become more 
b 


negative assuming Sop, values are similar for the differ- 
ent phenols. However, Table XIi! shows the opposite trend. 


The ee ’ value for p-cyanophenol is -12.8 e.u. which is 
6 


quite low for an association reaction. 
The discrepancy between tne two sets of results which 


measure K and K may be explained if the straight 
0,1 X,Y 


lines shown in the van't Hoff plot in Figure 5.13 are 
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actually part of a slight curve which, over a narrow tem- 
perature range appears to be a straight line. 

A curve in the van't Hoff plot may be explained by 
several factors. The actual van't Hoff plot is repre- 
sented by line AEC in Figure 5.17. If decomposition of 
the phenols occurs at high temperatures, the calculated 
value of Ko is smaller than the true value and curve 
BEC would be obtained over a wide temperature range since 


I 


_ RHCI” 
Te oar” ame (5.17) 


and the true pressure of RH is smaller than is believed. 
The partial pressures of the phenols used had to be very 
low. Partial pressures of the phenols down to 10! torr 
were used. The strongest acid used was p-cyanophenol. 
When partial pressures of less than 107" torr of p-cyano- 
phenol were admitted to the ion source, the ratio of 
Teuci-/tci7 did not change for different ion source 
pressures. Therefore the partial pressure of p-cyano- 
phenol was not changing due to the compound being desorbed 
from the walls. In this case line FEC would be obtained 
in the van't Hoff plot. As mentioned in section 5.5 
collisional dissociation outside the ion source causes 
reduction of the equilibrium constant with increasing 

ion source pressure. If collisional dissociation occurs 
the effect is more pronounced at lower temperatures and 


the van't Hoff plot would resemble curve AED. Therefore 
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FIGURE 5.17. 


Possible Deviations from the True van't Hoff 


Plot, Line AEC. 
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stripping and desorption from the walls have the effect 
of making the slope and hence “SHG smaller than the 
true value and ASO] would become more positive. Decom- 
position would result in a steeper slope and a more nega- 
tive value of AHO and eS ORT: 

A further source of error may be the formation of 
Cl from other sources besides production by electron im- 
pact inside the ion source. For example, if pressures of 
CCl, greater than 10 mtorr were admitted to the ion source, 
the intensity of Cl. increased when the ion gauge fiila- 
ment was turned on. If Cl. from Spurious sources is 
detected as well as Cl. from the ion source then the 
measured equilibrium constant will be smaller than the 
true Ko and line BEC will be obtained. 

It is apparent that stripping or desorption from the 
walls causes the inaccurate results of the 0,1 addition 
of phenols to Cl. By studying reactions of the type 


(5.21), collisional dissociation of the complexes with 


Cl. cancels out, if they dissociate at simiiar rates, and 


the results are much more accurate. 

A clustering reaction (5.14) was also studied 
using various nitrogen and carbon acids. Figure 5.18 
shows the effect of various substituents on benzene at ~ 
27°C and Figure 5.19 shows the measured equilibrium 


constants, Ky of several ketones and pyrrole at 
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FIGURE 5.18. Measured Equilibrium Constants for the Reaction 
Cl. + RH = Cl .RH at 26°C Where RH is 
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FIGURE 5.19. Measured Equilibrium Constants for the Reaction Cl + RH — > 
RHC] at 148°C where RH is pyrrole (A), acetyl 


acetone (A), phenylacetone (O), acetophenone ({)) and 


acetone (@). 
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TaScC.. The free energy AG? for reaction (5.14) may 


0,] 


be calculated using the expression 


O 
AG oul ae “RT bn wat (5.25) 


e ? -] o 
where Ko I'S expressed in atm . However, since some 
b 


experiments were conducted at 148°C the AG® 1? calculated 


from equation (5.25) cannot be compared with AG® cal- 
ecmlated at 27°C). 
In the chloride transfer reaction (5.26), 


R H.C] ne ROH 5 ae Sole bd ne RyH (5.26) 


the entropy change for the reaction was found to be zero 
weemenu. (see Table XIt!). Therefore AG®. for reaction 
(5.26) will not change very much with temperature since 

the TAS° term will be approximately zero in the expression 


oO 


AGO = AH os Se (5.27) 


Therefore, Ac? ss, AH? for reaction (5.26). Using relation-. 


(@) 
ship (5.28) a relative order’ of AG may be constructed, 


Oe a Neo eG RoH 28 
doo = AG™, | (R,H) Geo, 1 (ROH) (5.28) 


O ‘ 
Peas ag? y | (RyH) and AG 0,1 (RoH) are the free energies 


for the clustering reaction for compounds R,H.and ROH. 
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The compound with the weakest interaction with Cl. 
was 1,4 pentadiene. For convenience this compound was 


taken as the reference compound and AG? was set equal 


O54 
to zero and the remaining AG? values calculated accord- 
ingly. Table XIV summarizes the Ago. values for the 


chloride ion transfer from 1,4 pentadiene to RH. Previous 
measurements of chloride affinities in this laborabory 
are also included in Table XIV, 

It is interesting to note the compounds where the 
clusters with Cl. could not be observed. No cluster was 
observed with cyclopentadiene. Cyclopentadiene exists 
as a dimer after standing at room temperature for some 
time. The dimer reverts to the monomer above 165°C. 
Initial experiments used dicyclopentadiene and the tem- 
perature of the gas handiiag plant was maintained ahout 
175°C to initiate monomerization but no cluster with Cia 
was observed. The dicyclopentadiene was then fraction- 
ally distilled and kept in ice to ensure that the monomer 
was injected into the bulb and thus flowed through the 
ion source but no cluster with Cl could be detected. 
Since the complex could not be observed only an upper 


limit of Ky could be calculated. The maximum ton ratio 
> 


that could be detected on the instrument was LOGOUsS 


Therefore if Tey-tlepeié 10600:1, then for a partial pres- 


sure of .137 torr cyclopentadiene, Ko must be less than 


Therefore AG? na 1.6 kcal/mol. When 
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TABLE XIV 
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a 


Compound 


p-CN phenol 
p-chlorophenol 
HCOOH 

p-F phenol 
phenol 

p-cresol 

acetic acid 
pyrrole 
acetylacetone 
t-butanol 
phenyl acetone 
acetophenone 
chloroform 
methanol 
acetone 

n-dif luorobenzene 
acetonitrile 
p-nitrotoluene 
dipheny! methane 
anisole 
iodobenzene 
nitrobenzene 
bromobenzene 
chlorobenzene 

f luorobenzene 
cumene 

n-propy] benzene 
ethy] benzene 


mesitylene 


ne ee ee ee ee ee) 
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Table XIV (continued) 


m-xy lene 0.69 27 

triphenylmethane 0.40 2 

toluene 0.26 27 66098 
p-xylene | 0.19 27. 

benzene 0.06 27 79.8" 

1,4 pentadiene 0 | yaa 
cyclopentadiene <-1.6 27 39.1" 

a. Temperature at which KO was measured. Since As” is small, 

Ac? changes little with temperature such that the values 


obtained at different temperatures are directly comparable. 


Energy changes in-kcal/mol. 


b McMahon and Kebarle, reference 174. 

c Yamdagni and Kebarle, reference 167. 

d McMahon and Kebarle, reference 173 

e McIver and Miller, reference 185 

fF Bohme et al, reference 16° 

g. Remeasured by M.F. See Chapter 6 

h McMahon and Kenai reference 72 

hes Yamdagni and Kebarle, reference 156 

ie Yamdagni, Payzant and Kebarle, reference 68 

k.. McIver and Silvers, measured relative acidities. 


Values quoted are calculated from McMahon's D-EA phenol = 33.3, 


reference 175. 
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this is placed relative to 1,4 pentadiene, AG, > + 1.6 
kcal/mol. 

Trifluoroacetone would not ciuster with Cl. but a 
large peak was observed at m/e 113 which may correspond 
to cF,coO . CF,COOH is a very strong acid (167) and 
would proton transfer to Cl. to give HCl. Therefore no 
Cl would be available for clustering with trifluoro- 
acetone. The source of CF,COOH in the ion source is not 
very clear. Some mee might have been present in the 


trifluoroacetone used. Alternatively the CF COOH might 


have been produced in the ion source by some reaction. 


Bd Discussion 
(a) General Inspection of the Data Obtained 


Examination of Table XIV reveais tnut there ts only 
a very rough correlation of chloride affinity increase 
with (D-EA) decrease i.e. with gas phase acidity increase. 
There are three notable exceptions to the correlation. 
First, 1,4 pentadiene interacts very weakly with Cl but 
has a gas phase acidity comparable to acetophenone whose 
chloride affinity is 6 kcal/mo} stronger, Second, cyclo- 
pentadiene has quite a strong gas phase acidity due to 
the aromatic character it gains when the anion is formed. 


However, the cluster with Cl could not be observed even 


at the lowest temperature obtainable i.e. room tempera- 


ture. Another exception is t-butanol which has quite a 
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strong interaction with Cl. but its gas phase acidity is 
weak, 

Since the general correlation with gas phase acidity 
fails it is only meaningful to examine the separate 
classes of compounds individually i.e. oxygen acids, ke- 


tones, hydrocarbon acids and substituted benzenes. 


Phenols and Others 

Figure 5.20 shows the correlation between chloride 
affinities and the gas phase acidities for several oxygen 
acids. The solid line indicates that for a series of 
similar compounds f.e. substituted phenols, the correla- 
tion between acidity and chloride affinity is very good. 
The line also passes through the point for formic acid. 
The broken line indicates the best fit of all the oxygen 
acids measured and shows that there is a good correlation 
except for acetic acid which is out of order. 

For the series of phenols studied, the order of 
their interaction with cl. is that expected from con- 
sideration of the inductive or resonance effects. The 
resonance effect in phenol promotes the formation of 


clusters with Cl. by contributions from structures such 


as Vii to. ax These resonance structures show the 


ability of phenol to support charge separation within the 


molecule which makes the hydroxyl hydrogen more positive 
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FIGURE 5.20. Correlation of Gas Phase Acidities versus Chloride 


Affinities Relative to 1,4-pentadiene for Various 


Oxygen Acids and Pyrrole. 
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and thus able to interact more strongly with a chloride 
ion. When various Functional groups are substituted, 
their inductive and resonance effects will modify the 
charge distribution on the ring and hydroxyl group so 
that the magnitude of the interaction with Cl will 
change. 

In p-cresol, resonance structures X to XI! con- 


tepbute to the stabilfity of the cluster with Cl” 


SO a= I 


Structure X will not be as important. as XI and XII since 


the negative charge is situated in a region where there 
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is a concentration of negative charge due to the electron 
donating properties of the methyl group. This effect of 
the methyl group makes hydrogen bonding to Cl. less favour- 
able than the bonding observed with phenol. 

The addition of strongly electron withdrawing sub- 
stituents favours hydrogen bonding relative to phenol and 
the interaction is much stronger. Chlorophenol has a 
larger chloride affinity than fluoropheno! which is the 
same order as the gas phase acidity. The electron with- 
drawing effect of haitogen substituents favours resonance 
structures such as XII! where the negative charge is 


situated at the carbon adjacent to the halogen. The 


strongest interaction was found with p-cyanophenol. The 
cyano group is one of the strongest electron withdrawing 
groups because of charge separated resonance structures 
of the type XIV. 

Since the gas phase acidities correlate very well 


with hydrogen-bond energy, factors that affect the gas 
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phase acidity must also affect the hydrogen bonding. In 
the consideration of the substituted phenols it is the 
ability to delocalize the negative charge in the case of 
the anion and to stabilize charge separation in the 
cluster that affects acidity and chloride affinity re- 
spectively. In both cases this is achieved because the 
oxygen possesses lone pairs which can take part in reson- 
ance shifts. An interesting comparison to the oxygen 
acids is pyrrole which is also included in Figure §.20 
but possesses only one lone pair. It lies very close to 
the line of the oxygen acids. The hydrogen attached to 
the nitrogen is acidic due to the resonance structures 

XV to XVI and the chloride ion will attach via a hydrogen 


bond to the acidic hydrogen. 
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Kolthoff and Chantooni have studied the hydrogen- 
bonding to Cl. to substituted phenols in the aprotic sol- 
vent, acetonitrile (186). These workers found that, 
with the exception of the ortho substituted phenols, the 
stability of the RHC] complex increases with the acid 


strength of the phenol in acetonitrile. Comparison of 


their data with the gas phase acidities of McMahon et al 
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(174) shows that the hydrogen-bond strength in acetonit- 
rile follows the gas phase acidity. 

Unfortunately, Kolthoff and Chantooni did not use 
the same set of substituted phenols as in this work and 
so no direct quantitative comparison between hydrogen- 
bonding in an aprotic solvent and the gas phase may be 
made. Since the chloride affinities of the phenols cor- 
relate with their gas phase acidities, which in turn cor- 
relate with their chloride affinities in acetonitrile, it 
may be inferred that the order of chloride affinities 
of the phenols will be the same in the gas phase as in 
an aprotic solvent. 

Bordwell and coworkers (187) have shown that there 
is a general correlation between gas phase acidities and 
acidities in an aprotic solvent, dimethyl sulfoxide, for 
a series of ketones and nitriles. They suggested that 
the fntrinsic acidity of “a molecuVe Yin "the "gas ‘phase Vis 
also manifested in its acidity in dimethyl sulfoxide. The 
results of Kolthoff (186) and Bordwell (187) in solution 
therefore suggest that the environment around an ion in 


an aprotic solvent resembles that around an ion in the 
gas phase. 


a) Chloride Affinities of Ketones 


Inspection of the ketones measured (see Table XIV) 


shows that the order of chloride affinities is CH,COCH, < 
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CoH. COCH, < CoH CH COCK, < (CH,CO)CH,. This order also 
follows the gas phase acidity order as shown in Figure 
9-21. The correlation is good for the first three ketones 
but acetyl acetone lies some distance from the line. 
Pople (188), on the basis of ab initio SCF MO theory, 
has calculated the electron distribution on the separate 


atoms of acetone and shown that the hydrogens are slightly 
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positively charged is the methyl groups. 

There are five possible interactions between Ciel 
and acetone. The chloride ion could interact in a formal 
hydrogen bond with one of the hydrogens. if the chlor- 
ide ion interacts with more than one hydrogen, it could 
interact symmetrically with the three hydrogens of a 
methyl group or symmetrically with Four hydrogen atoms 
(two from each methyl group), since they are close 
enough for this to occur. A fourth possibility is that 
the chloride ion may attack the central carbon since 
this is the most positively charged atom in the isolated 


molecule according to Pople's calculations. However, as 
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FIGURE 5.21. Correlation of Gas Phase Acidities versus Chloride 
Affinities Relative to |1,4-pentadiene for a Series 


of Ketones and Acetonitrile. 
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268. 
the chloride ion approaches the molecule the electron 
distribution will change. Therefore the calculated 
electron populations serve only to indicate where the 
possible positions of attachment may be. Finally the 
Pact. that eet one can also exist in the enol form must 
also be considered. 

Tiree; of. .theripos sible) stimuct ures: iof ithe Cl .CH,COCH, 
complex may be discounted. Electrostatic calculations 
(183) on the Cl .CH,CN system have shown that closer 
agreement with experimentally measured AHY values 
is obtained when the chloride ion interacts symmetrically 
with all three hydrogen atoms rather than with a single 
hydrogen. Therefore the occurrence of a hydrogen bond 
fosc) .is unlikely with acetone. If the chloride ion 
interacted with four hydrogen atoms from the two methyl] 
groups, the rotation of the methyl! groups about the C-C 
bonds would be restricted. The hindered movement of the 
methyl groups would imply a large value of Asya for 
this compound. However, Table XI! shows that AS 4] for 
acetone is significantly lower than other compounds 
measured. Interactions with four hydrogen atoms is 
therefore unlikely. If acetone existed in the enol form 
in the gas phase, the chloride ion would most probably 
attach to the hydroxyl hydrogen. However, the enol form 


is thought to be unimportant in the gas phase (173) and 


thus a complex of this type will probably not occur. 
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269. 
Therefore the structure of the Cl .CH,COCH, complex wil] 


either take the form of a symmetrical interaction with 


the methyl hydrogens or attachment to the central carbon. 


The electron aecriounioe. 1A XVII shows that the 
contribution of resonance structure XVIII is quite import- 
ant and that a small amount .007 of an electronic charge 
is donated from the methyl group to the central carbon. 
When one of the methyl groups is replaced by a pheny! 
ring the ™ electrons on the ring donate .028 electrons to 
the central carbon (189) leaving the ring slightly posi- 
tive. The chloride ion may attach to acetophenone in 
three ways: via the methyl group, to a ring hydrogen or 
interact with the T electrons by ‘'sitting'! on the ring. 
The deficiency of ™ electrons in-the phenyl ring may 
indicate that the chloride ion will interact with these 
electrons. 

In the case of pheny! acetone the chloride may 
attack the methylene hydrogens or the methyl. hydrogens 
EVAce they are both adjacent to a carbon which has a 


positive charge in the resonance form XIX. However, 


XIX 


steric effects may restrict the approach of Cl. to the 
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270. 
methyl hydrogens. 


Figure 5.21 shows that the chloride at finity of 
acetyl] acetone is greater than that of acetone. This may 
be explained by the fact that the central methylene group 
in acetyl acetone is influenced by two adjacent carbonyl 
groups. The chloride ion probably attaches to the two 
hydrogen atoms on the central carbon atom. 

Acetonitrile, from previous measurements in this 
laboratory (72), is also included in Figure 5.21 in order 
to compare the ketones with another unsaturated function- 
al group. Acetonitrile and acetone are very similar in 
chloride affinity and gas phase acidity and are in the 
same order (see Chapter 6). 

The electrostatic calculations performed by Davidson 
(183) found that 95% of the total stabilization energy 
E. of an ion cluster was due to the ton-dipole interaction 
He found Eaip for the Cl .CH,CN complex 


14.51 kcal/mol. Assuming a simple relationship 


i.e. p= Edie 


was 


between Ei and the dipole moment an approximation of 
ip 


Ei for C1. CHZCOCH, may be made. The dipole moment of 
ip 


seeronitrilects .2.970 and thatsot acetonesisac00s 90)... 


Therefore Pp vais 1h.51 x 2.88 
ole 3.97 
E aE. = -10.5 kcal/mol (S229) 
dip t 
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vibrations in the ion-molecule complex are about -2 kcal/ 


mol (155) such that E. +2 AHO 1° In this case cE. + 28> 
-12.5 kcal/mol and the measured AHS for acetone was 
-13.7 kcal/mol. Therefore from this rough calculation 

fo) 


the ion-dipole energy gives a good estimate of AH the 


O07, iy’ 
difference in the two values was probably due to the 
polarizability term. More rigorous calculations are 
necessary to obtain more accurate results but the electro- 


static model gives a good indication of the magnitude of 


the chloride affinity. 


(d) Chloride Affinities of Carbon Acids 


The gas phase acidities have been measured for only 
a few carbon acids. Figure 5.22 shows that there is 
no consistent correlation between the gas phase acidites 
and chloride affinities of several carbon acids. 

In the case of the alkyl benzenes, the chloride 
ion may attach to the alkyl! group or the ring. The elect- 
ron populations, calculated by Pople (189), are shown 
for benzene (XX), toluene (XX!) and for the distribu- 
tionsofiuethe a electrons.<in toluene. The electron. popu-= 
lation of toluene indicates that the chloride ion may 
interact with the ring hydrogens or interact symmetri- 
cally with the hydrogen atoms of the methy! group. 

The chloride affinity of toluene is greater than 


that of benzene. Further enlargement of the alkyl group 
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FIGURE 5.22. 
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XXI XXI 


establishes the omiee of chloride affinities as H < Me < 
EG < n-Pr< i-Pr. Since this is the-order of increas- 
ing electron donation to the ring, the chloride ion is 
probabily not interacting with the ring hydrogens as 
increasing substitution would destabilize the cluster. 
This indicates that the chloride ion probably attaches 
to the alkyl groups, since the "acidity" of the hydrogens 
on these groups increases with increasing alkyl sub- 
stitution. The above order may also be explained in 
terms of the polarizabilities of the alkyl groups, which 
was first proposed by Brauman to explain the acidities 
of aliphatic alcohols (31,161). In the series of alky] 
benzenes the chloride ion probably interacts with the 
diffuse positive end of the dipole, which is spread over 
an alkyl group. The polarizability of the alkyl group 
enhances the charge separation with the molecule which 


is necessary to form a stable cluster with Cl . Since 


the polarizability of the alkyl group increases with size, 
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the chloride affinity also increases in this order. 
The chloride affinities of some methyl substituted 


benzenes are in the following order (Table XIV): 


CH, 


i 

CH, 
Bato exy lene appears to ae out of order. Since the G 
values of toluene and p-xylene were found to be quite 
similar, experiments were conducted to check that this 
was not an experimental error. A mixture containing 
equal partial pressures of toluene and p-xylene was made 
and the intensities of Cl and the two cluster ions were 
monitored. The cluster of toluene with Cl. was found to 
be slightly more intense than that with p-xylene, con- 
firming that the chloride affinity of toluene is greater. 
The position of p-xylene in the above order is therefore 
correct. Tha anomalous behaviour of p-xylene cannot be 
explained by the inductive effect, since p- and m- xylene 
would have similar chloride affinities. Hyperconjugation 
may be invoked to explain the behaviour of p-xylene. 
When hyperconjugation occurs in m-xylene, the negative 
charge is in a 8B position to an alkyl group and the 
separation of the proton from the alky! group assists 


in the interaction with an approaching chloride ion. 
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m-xylene 


In the hyperconjugated structure of p-xylene a negative 


CH, CH, 
© 
i{—_—__-__}>- 
1) 
CH, cH, 4 


p-xylene 


charge is ettuated at. a carbon adjacent to an alkyl group, 
which is also donating electrons to the ring. This 
hyperconjugated form is therefore unfavourable and does 
not contribute to the structure of p-xylene. Although 
hyperconjugated structures of neutral molecules are 
probably not important in the gas phase, the approach 

of a chloride ion to m- or p-xylene will promote charge 
separation within the molecule and the structures may 
contribute to the stability of the cluster. Since the 
hyperconjugated structures for m-xylene are more 
stable than those for p-xylene, the interaction between 
Cl and m-xylene will be greater, which is the order 


observed experimentally. This explanation indicates 


that the chloride ion probably interacts with the 
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methyl group since the same argument would not hold if 
the chloride ion attached to the ring. 

Brauman and Blair's investigations of unsaturated 
systems (164) showed that the gas phase acidity of tolu- 
ene was greater than that of p-xylene. This is the same 
Order as their chloride affinities. The agreement bet- 
ween the gas phase acidity and chloride affinity orders 
constitutes evidence that the attachment of the chloride 
ion occurs to the methyl hydrogens since otherwise this 
correlation would be difficult to explain. 

The gas phase acidity of cyclopentadiene is quite 
large for a carbon acid. This is explained by the fact 
that cyclopentadiene obtains aromatic character when 


it loses a porton. The fact that cyclopentadiene is not 
8 


gee mined tolec Wustie rw iti Cle’ may be construed as evidence 
that Cl. attaches to the ring in the alkyl benzenes. How- 
ever, a cluster of Cl. with 1,4 pentadiene is observed. 
Since 1,4 pentadiene is the open chain analog of cyclo- 


pentadiene, with the same number of 1 electrons, the 


above arguinent seems unlikely. 
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The gas phase acidity order for the phenyl methanes 
is Bec He daxto be CeHLCH, < (CoH) CH, < (C eH.) CH. 
Experiment has verified the relative order of acidities 
of BodlGene and ce plienya methane (72) but the formation 
of the triphenylmethyl anion is expected to be favoured 
because the negative charge can be delocalized over three 
phenyl rings. The chloride affinities for these com- 
pounds are in the order: toluene < triphenyl methane < 
diphenyl methane. The interaction of Cl with triphenyl=- 
methane must be restricted due to steric hindrance of 
thet three phenyl»groups. (f, it iis; assumed: ithat, the: chlor= 
ide ion interacts with the lone hydrogen then it is 
possible that the chloride ion cannot approach ciosely 
enough to form a hydrogen bond. The order of chloride 
affinity does not follow the expected gas phase acidity 
for these compounds. This situation is somewhat analo- 
gous to the gas phase Bronsted and Lewis basicity orders 
of the methyl substituted amines. The Bronsted basici- 
ties increase regularly from NH, to (CH,)3N CEG2 he Tie 
measurement of the Lewis basicities towards the much 
bulkier Lewis acid, Ky shows that the basicities in- 
crease from NH, to (CH,))NH and then decrease for 
(CH) 3N (191). This effect may also be attributed to 


steric hindrance by the bulky substituent groups. 


In general, the chloride affinities of the carbon 


acids do not follow the gas phase acidities, whereas 
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the substituted phenols correlate very well” as dits-= 
cussed in ol on (b). The correlation was attributed 
to the phenol being able to stabilize both the anion 
and charge separated structures by resonance. The phenol 
is able to form stable resonance structures because the 
Oxygen possesses lone pairs which are mobile and can 
move around the ring without breaking the O-H bond. In 
the carbon acids the equivalent structures can only be 
achieved by hyperconjugation i.e. a carbon-hydrogen 
bond has to be broken. These structures are therefore 
not very important Pree gas phase and the inability 
to stabilize these charge separated structures means 
that the clusters with Cl. are very weak and do not 


e 
follow the gas phase acidities. 


(e) Chloride Affinities of Benzenes with Hetero Atom 

Containing Substituents 

Examination of Table XIV shows that the chloride 
affinities of the benzenes containing hetero atom sub- 
stituents are slightly greater than the alkyl substituted 
benzenes. No gas phase acidities of the hetero atom 
compounds are available for comparison with their 
chloride affinities. 

McMahon and Kebarle have shown that the gas phase 
acidities of the substituted benzoic acids (71) and 


substituted phenols (174) correlate very well with the 
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o° yalues of Taft (170). It is possible that the same 
factors which determine the chloride affinities in the 
substituted phenols may also affect the substituted 
benzenes. The o values are a measure of the electron- 
attracting or electron-donating power of a substituent 
by resonance or induction. The more electron-attracting 
a substituent is, the more positive the o° for the para 
position. © 

Lau and Kebarle (73) have measured the proton 
affinities of various substituted benzenes. They showed 
that there was good correlation between the proton 
affinity and the o° value of the substituent. They 
proposed that if the proton affinity correlated well 
with the og value, then the proton was attaching to the 
ring to give a g complex. The results shown in Figure 
5.23 may also be interpreted in a similar manner. It 
has already been demonstrated that the chloride ion 
interacts with the phenolic hydrogen of phenol (section 
(b)). The -OH substituent also lies some distance 
from the lines of the o° plot. This is therefore con- 
sistent with the assumption that Cl interacts with the 
ring of compounds that fit the o° mot. Tne ror 
group also does not hic abie aa plot. The resonance 


Structures of nitrobenzene may be represented by: 
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Pres nitrogen possesses a postive charge in, each structure. 


It is therefore possible that the chloride ion interacts 
with the nitrogen atom instead of the ring and as a re- 
sult does not fit the 0° plot. The methoxy substituent 


donates electrons to the ring. by structures such as; 


oe CH 
| | 
0 


The chloride ion may attach to anisole via the methyl 
hydrogens since they are in a region of excess positive 
charge. The possibility of the chloride ion attaching 
te the methyl group in toluene was discussed im othe pre- 
vious section. Toluene also lies some distance from 
the line. 

The structure of the cluster, where the chioride 


ion interacts with the ring, may be envisaged as: 


282. 


8 
H Cl 


Similar structures may be drawn for the case where the 
chloride ion attaches to the meta position. 

The order of SAG a For the halobenzenes is benzene < 
Fluorobenzene < chlorobenzene < bromobenzene < iodoben- 
pene. Therefore the order of the stabilizing effect of 
the halogens substituents is F < Cl < Br < I. This is the 
same order as the gas phase acidities of the halosubstitut- 
ed acetic acids studied by Kebarle et al (168). Other 
measurements of the gas phase acidities of compounds con- 
taining halogens have also indicated the same order (174, 
175). The evidence from these observations therefore 
suggests that the inductive order in the gas phase is 
opposite to that in solution. The reversal is probably 
due to. the higher polarizability of (the, Targer shaioc 
substituents similar to the polarizability effect of 
the alkyl] groups suggested by Brauman (161)... Therefore 
clusters of halobenzenes with a chloride ion are more 
favourable with the larger halogen substituents because 
the resultant negative charge of the clusters can be dis- 
persed over a large volume. 


An analogous example is the formation of the halide 


ions X, in aqueous solution. T, is very stable in 
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aqueous solution whereas the smaller equivalent ions are 
rarely observed (192). Therefore i is probably stable 


because the excess negative charge may be dispersed over 


the three large, polarizable iodine atoms. 


Cf) Correlation of Chloride Affinities with Dipole Moment 
Since electrostatic calculations have shown that 
ion-dipole interaction contributes nearly all of the 
stabilization energy to a cluster (183), the chloride af- 
finity may be expected to depend on the dipole moment of 


the molecule. Figure 5.24 shows a plot of 2AGe plotted 


+ 
versus the dipole moment of RH. When all of the points 
are considered a rough correlation exists. When a group 
of similar compounds (i.e. phenols) are considered, it is 
found that the dipole moments are approximately constant 
within the group. However the chloride affinities differ 
within the group. Thus it may be texpected) thatethe chilon— 
ide affinities will not correlate very well with the di- 
pole moments because they do not take into account the 
distance between the chloride ion and the molecule. As 
discussed earlier (183) good agreement with experiment 

is observed in electrostatic calculations only if the 


charge distribution of the dipole is taken into account. 
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FIGURE 5.24 


Plot of = Nett for all the Compounds Studied 
versus Their Dipole Moment. Oxygen Acids 
(@), Pyrrole (O), Ketones (A), Aceto- 

nitrile (A), Chloroform (w), Halobenzenes 
(CO), Substituted Benzenes (©), Carbon 


Acids (Ml). 
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(g) Comparison with Recent Studies of RHC] Complexes in 


Solution. 

Recently the attachment of chloride ions to weak 
acids has been studied in different solvents by Benoit ec 
al (193). They investigated the chloride affinity in sul- 
folane and acetonitrile for the same series of compounds 
that Yamdagni and Kebarle (156) had studied in the gas 


phase. The order of the enthalpies in sulfolane was: 


C CH < HOH < CH.OH ~ CH H_OH < HCOOH < HCI 
16 3 3 65 


whereas the order of the equivalent gas phase measurements 


GOGH a6 


: H-OH < CH,COOH 
Tene was: HOH < enon < c1,CH < Ce 5 < 3 < 


HCl << HCOOH. The two scales disagree on the position 


of hates 


of chloroform. Also the positions of acetic acid and 
phenol are interchanged as the formic and hydrochloric 
acids. However if the AH” yy values remeasured in this 
work are included the order becomes: HOH < CHZ0H < C1,CH < 
CH, COOH —eitCal a= epteor < HCOOH. The order of acetic acid 


and phenol now agrees with that of Benoit, the only dis- 
agreement is the position of CI,CK and HCl which were not 
measured in this work. 

Benoit found that the calculated enthalpy change 


for reaction (5.30) does not vary greatly with the sol- 


vents studied indicating that the interaction with Cl 


C17 (2) + RH(g) ——® RHC] (2) (5.30) 
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does not change with solvent. This result may have been 
expected for aprotic solvents such as acetonitrile: and 


DMSO because they resemble the gas phase in many respects. 


5.8 Conclusions 

In the study of gas phase acidities the fundamental 
aspect that governs the acidity of a compound is its 
ability to form a stable anion. Factors which contribute 
to the stability of the ion are inductive and resonance 
effects. When clusters of a compound RH, with Cl. are 
studied, an "'acidic'' hydrogen has to be present to pro- 
mote the formation of the cluster. Since RH is neutral, 
the important principle in the formation of clusters with 
ae depends on the ability of RH to support charge separa- 
tion within the molecule itself. Therefore it is not 
certain that hydrogen bond energy can be equated with gas 
phase acidity since the former is determined. by the ability 
of RH to stabilize charge separation whereas the latter 
depends on the ability of R to support a negative charge. 
In the case of the substituted phenols the oxygen BOC eno ae 
lone pairs which have the ability to shift around the ring 
facilitating both stabilization of the negative charge 
in the anion and of charge separation in the neutral com- 
pound. Carbon acids do not possess a lone pair which can 
aid charge separation without breaking a C-H bond and the 


cConrelation with acidity fs snot very, good. 
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The possible geometries of the chloride ion clus- 
ters were examined for the different types of compounds. 
lt was found that the chloride ion does not interact 
with all of the compounds in the same manner. In the 
case of the substituted phenols, the chloride ion attaches 
to the phenolic hydrogen rather than the ring hydrogens. 
Examination of a group of ketones shows that symmetric 
interaction with the alkyl hydrogens or attack on the 
carbonyl carbon is possible. In the case of the alkyl 
benzenes the evidence points to interaction with the 
alkyl groups whereas interaction with the ring is more 
likely for several hetero atom substituents. THerefore: 
considering the different types of interactions, it is 
not surprising that there is no correlation between the 
chloride affinities and the gas phase acidities. Rigorous 
electrostatic calculations would distinguish between the 


different possible structures of the clusters. 
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CHAPTER 6 


REMEASUREMENT OF THE RELATIVE GAS PHASE ACIDITES OF 


ACETONE AND ACETONITRILE 


6a Introduction 

The relative acidities of acetone and acetonitrile 
have been measured previously in this laboratory by McMahon 
and Kebarle (72). They measured the AG for the equilib- 
aituid (6.1) which is equal to the gas phase acidity differ- 


ence between the two compounds. They found that aceto- 


CH COCH, + CH.CN ee CH, COCH, - CH. CN (6.1) 


nitrile was more acidic than acetone by 2.5 kcal/mol. 
Bohme et al (166) have also investigated reaction 

(6.1), using the flowing afterglow technique to measure 

the forward and reverse rate constants. These workers 


found that acetone was a stronger gas phase acid than 


acetonitrile which is opposite to McMahon's relative 


order. 


A recent measurement by Bordwell et al (187} re- 


ported a good correlation between gas phase acidities 


and acidities in the aprotic solvent dimethyl sulfoxide. 
They also found that acetone was a stronger acid, bh DMSO 
than acetonitrile. Therefore if Bordwell'’s correlation 


holds, acetone should be the stronger acid in the gas 


phase. 
289 
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In view of the evidence that the relative acidity 
order of the two compounds measured in this laboratory may 
be wrong, it was decided to repeat the measurement. The 
need for such a remeasurement was also indicated by the 
following aspects of McMahon's results: the anion inten- 
sities observed for equilibrium (6.1) were unusually low 
and he had set a large error limit for this result. Further- 
more a competitive reaction the nucleophilic substitution 


(6.2), had been suggested by McMahon which depletes the 


CHACN + CH,CN a CHACHJCN + CNS (6.2) 


ion concentration of CHCN . McMahon attempted to elimin- 
ate the occurrence of reaction (6.2) by making the partia! 


pressure of acetonitrile equal to a tenth of that of 


acetone. 


6:2 Experimental 

McMahon generated the negative ions in reaction 
(6.1) with sulphuryl fluoride. Electron bombardment of 
SO5F, was assumed to produce F ions. HF is a very weak 
acid and thus acetonitrile and acetone proton transfer 


to F. by reactions (6.3) and (6.4) producing the depro- 


tonated anions. 


Foo+ CH,CN  —— HF + CH,CN (6.3) 


Foo+ CH,COCH, ——> HF + CH,COCH, (6.4) 
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As mentioned before, the ion signals in McMahon's 
measurement were extremely weak. The measurement was 
initially repeated using McMahon's conditions: FOO TCtOrT 
CH)» VOMtorr SO,F. and 10 torr each of acetone and aceto- 
nitrile in the bulb. The anion signal under these con- 
ditions was barely detectable even under constant irradia- 
tion of the electron beam. McMahon had used SO,F, for 
the generation of F. since the phe which had been used 
earlier in this lab to produce F ions had all been con- 
sumed. An examination of the ions obtained with SO,F, 
in the absence of any other acids showed that little F 


is produced by this compound. Therefore in the present 


was used again instead of SO,F, and the 


experiments NF oF 


3 
anion signal was much stronger. 
Different mixtures of acetone and acetonitrile 


were used to test if reaction (6.2) could be eliminated. 


6x3 Results and Discussion 

Figures 6.1 and 6.2 show two examples of the 
experiment performed under different conditions. Figure 
6.1 shows. the ion decay curves obtained when the partial 
pressures of acetone and acetonitrile are equal. It can 
be seen that the intensity of CH,COCH, is five times 
greater than the sum of CN and CHOCN . Therefore there 


is no possibility of acetonitrile being the stronger 
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acid. Figure 6.2 shows the ion decay curves for the same 
ions when the partial pressure of acetone is ten times 


greater than that of acetonitrile, similar to McMahon's 


conditions. The intensity of CN is approximately the 
same as in Figure’ 6.1, the intensity of CHA CN. is about 
ten times smaller. Therefore the intensity of CN” appears 


to be independent of the pressure of acetonitrile which 
is unexpected if CN. Originates from reaction (6.2). 

The results are shown in Table XV and the average 
AGowas -2.8 + 0.2 kcal/mol. Acetone had been measured 
with several other compounds in previous measurements 
(173) so its D-EA value was well established. Acetonitrile 
had only been measured against acetone therefore it was 
the D-EA value of this compound that was wrong. The 
new D-EA value of acetonitrile is therefore 52.9 instead 
of the 47.6 kcal/mol obtained previously. A possible 
reason for the error in McMahon's measurement may be a 


reaction between EAS DOU and SO5F. which reduces the 


intensity of the ion and gives an erroneous equilibrium 
constant for reaction (6.1). 

Recent results in this laboratory (194) have shown 
that the large CN intensity observed is due to an im- 
purity of HCN in the nitrogen trifluoride. By purifying 
the gas it was demonstrated that reaction (6.2) is neg- 
ligible and the CN observed is due to the proton transfer 


reaction (6.5). The D-EA value for HCN is approximately 
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TABLE XV 


AG? Values for the Equilibrium 
nn eee ee EE EAA 


CHACOCH (+ 1CHICN (9 (=r iCH ON) + CHecOt a ee EGE 


Bviekates nid 2k nntnhered lu 3 thane Seale lel 
Pcs cn’ Pcu,cocn, -AG° lon Source Pressure 
Seieaar witch ati 22) a (torr) 

be 0)..2 2.58 1.1 
" 3.09 met 
¥ 2.60 3.2 
2352 hed 

Vea ak 74 Fe )4 1.4 
: 2:58] eG 
31.03 27 
u 2/3 3.6 
4 2.65 3.8 
" PAG? th 

Pet 3-10 17. 
si 3.10 240 
iM 3.18 35 

Average AG? = -2.8 + 0.2 kcal/mol 
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CHEC + i 
3 OCH, + HONS CH,COCH, + CN (6.5) 


35 kcal/mol (195) and it is therefore a stronger acid than 
both acetone and acetonitrile. Remeasurement of the AG 
for reaction (6.1) using purified NF yielded Aare -3.0 
kcal/mol which agrees with the data presented in Table XV. 
These results will not be discussed further since 
they were only carried out to check the previous results 


of McMahon and Kebarle which are discussed fully by them 
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CHAPTER 7 


SUGGESTIONS FOR FURTHER WORK 
a sre 


An ion source has now been built that will enable 
fon-molecule reactions at below-room temperatures to be 
studied. This type of ion source can go down to tem- 
peratures of -180°C (143). This will allow measurement 


of the temperature dependence of K in order to give 


0,1 
the chloride affinities for compounds such as benzene, 
toluene and other weak carbon acids. At lower tempera- 
tures it may be possible to observe a cluster of Cl. 


with cyclopentadiene. 


The study of reactions of the type (7-1}) enables 


Re enc Oe ee Ree erO ea 


a similar correlation to be drawn to that investigated 
in Chapter 5. The measured AH of. reaction, .(/..1.) wig 
be the hydrogen bonding energy to Rand may therefore 
be correlated with the gas phase basicity of ae 

Some initial experiments were conducted on this 
system where RH was negiteuifbe Gre and acetylacetone. 
it was difficult to obtain a clean source 


Experimentally 


of the R. ions. Previous experiments had shown that 


R. could be generated from sulphuryl fluoride by a ig 
is produced by dissociative electron attachment of 


electrons to SO,F,: Since: HF. isea yery weak acid, F 
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rapidly produces R~ by proton transfer: 


F + RH ———m HF + R- Team) 


Unfortunately SOjF, and SOF are also produced and the 


choice of malonitrile meant that the hydrated ion 


CH (CN),.H,0 occurred at the same mass as SO,F.. This 


problem was overcome by substituting DA0 for water and 


the hydrated peak moved from 83 to 86, the shift in 3 
mass units being caused by complete deuteration of the 
remaining hydrogen in CH (CN), to give cD (CN),.D,0. 
The Petpet e could only be observed when a trace (~1 
mtorr) of malonitrile was present in an atmosphere of 
D,0 in the bulb, otherwise there was a tendency for the 
dimer CH (CN),.CH (CN), to dominate the spectrum. 

NF, may also be used to produce F (167) but is 
very difficult to obtain from commercial sources. The 
F is produced by near thermal secondary electrons with 
NF. undergoing dissociative electron capture as in re- 


3 
action (7.3). The generation of F by NF. is therefore 


Aas NF, =e NE ues Fa 67035) 


very specific compared to SO,F,- 
The study of the hydration of anions could also 
be rewarding in explaining some differences between 


aqueous and gas phase acidities. For example malonitrile 


is stronger than monochloroacetic acid in the gas phase 
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by 1.8 kcal/mol. However in aqueous solution chloro- 
acet}c.ac lid zis, .8 pK, units stronger than malonitriile 


(72). By studying the system 
R (H50)_, + HO» R7 (HO). (7a) 


for both compounds and choosing conditions such that n 
could be graudally increased from zero, the cross-over 
point may be observed and the reversal of aqueous and 
gaseous behaviour may be explained. 

In the experiments described in Chapter 5, a 
neutral acid molecule interacted with a negative ion. 
Since the chloride ton can be thought of as a sphere of 
uniform negative charge and more than one RH solvent 
molecule may be added to the cluster until the inner 
solvent shell is full. When the negative ion is a mole- 
cule with a dipole, the electronic charge is distributed 
unevenly over the molecule. When the solvent is water 
only certain orientations of themolecule are possible. 
By choosing R such that it contains several possible 
bonding sites, the number of water molecules which will 
attach to R._ gives information on the type of inter- 
action. For example, if R is the cyclopentadienyl 


anion, the ton, ts stabilized by resonance. 
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lf five water molecules are observed to cluster with 
Boe pent adieuee the water molecules must be inter- 
acting with the five ring hydrogens. Alternatively, 

if only one or two molecules cluster with the cyclo- 
pentadienyl ion, then the water molecules must be laying 
parallel to the ring with the hydrogens nearest to the 
ring and interacting with the mt electrons. Measurement 


of AH? by reaction (7.4) will reflect which of 


=15.0 


the two types of interaction is occurring. 
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